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Part I General introduction and outline thesis

Ischemic heart disease is the most important cause of death worldwide1. Patients with 
this condition may present with various clinical manifestations, such as stable angina 
pectoris, acute coronary syndrome (ACS) or out-of-hospital cardiac arrest and sudden 
cardiac death. Coronary artery disease is caused by atherosclerotic plaque formation 
that leads to progressive vascular obstruction and myocardial ischemia. ACS is typically 
caused by an atherosclerotic plaque rupture followed by obstructive thrombus forma-
tion and resulting in myocardial necrosis.
Clinical outcome of coronary disease has improved substantially over the past decades2. 
Percutaneous coronary intervention (PCI) was introduced by Andreas Gruentzig in 1977 
and matured into a therapeutic cornerstone for patients with limiting coronary artery 
disease. restoration of lumen patency and vascular flow by plain-old balloon angio-
plasty (POBA) formed the first less invasive alternative to coronary artery bypass surgery 
(CABG) for patients deemed inoperable because of severe co-morbidity or advanced 
age. Primary PCI in the setting of ST elevation myocardial infarction (STeMI) was pio-
neered in Zwolle and replaced thrombolysis as treatment of first choice because it was 
associated with lower rates of death, nonfatal recurrent myocardial infarction and fewer 
hospital readmissions for ischemia or heart failure3.
Currently, international guidelines recommend PCI as primary revascularization strategy 
in a large proportion of patients with coronary artery disease4. This is the result of ex-
tensive research with several technological breakthroughs. An important improvement 
was the introduction of bare-metal stents (BMS) to prevent vascular recoil after POBA5. 
Then drug-eluting stents (DeS) were introduced to overcome high BMS restenosis rates6 
and further improvement of DeS solved remaining issues of delayed healing7 and stent 
thrombosis8. The adoption of transradial intervention (TrI)9, 10 has further improved 
outcome after PCI, leading to less vascular bleeding complications and even mortality 
reduction in ACS compared to traditional transfemoral intervention (TFI)11. Furthermore, 
the introduction of potent P2Y12-inhibitors amplified the PCI benefit in ACS patients12, 13.
Still, it is important to appraise the remaining challenges of PCI and opportunities for 
further improvement. Vascular injury has been reported as a highly frequent complica-
tion of TrI, leading to thrombus formation, intimal thickening, impairment of vascular 
function and ultimately radial artery occlusion14, 15. The clinical consequences of vascular 
injury have never been thoroughly investigated, especially the effects on upper extrem-
ity function and hand perfusion. Apart from mere discomfort, vascular injury might 
have considerable implications for those patients for whom upper extremity function 
is paramount.
radial artery occlusion remains an important drawback of TrI, restricting the use of the 
ipsilateral radial artery for future procedures16. Whether rAO might lead to inadequate 
tissue perfusion, ischemia and functional complaints of the hand is under debate. Al-
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though recommended to prevent ischemic complications of the hand17, the application 
of pre-procedural patency tests, such as the modified Allen Test, are also under discus-
sion18. More insight about the arterial hand supply might be useful to understand the 
clinical value of patency tests and clinical consequences of rAO. Improved methods to 
evaluate the extent of the collateral circulation might help patient selection for TrI.
Despite the administration of intra-atrial vasodilating agents and smaller hydrophilic 
coated sheaths, radial artery spasm is still present in 5-13% of patients19. TrI-induced 
radial artery spasm may cause severe discomfort, arterial wall injury and procedural fail-
ure. The reduction and better prediction of radial artery spasm might improve patient 
outcome and procedural success.
With regard to prognosis, STeMI remains the highest risk group with the highest short-
term death rate20. The goal of primary PCI for STeMI is to achieve rapid and effective re-
perfusion. However, inadequate myocardial perfusion after restoration of the epicardial 
blood flow by primary PCI is present in a large proportion of patients21. Nearly 50% of 
the final myocardial infarct size is due to myocardial reperfusion injury and can therefore 
be reduced, thereby maximizing the benefits of myocardial reperfusion22. Microvascular 
injury (MVI) has been associated with increased infarct size, LV remodeling and cardio-
vascular complications23. Because therapeutic strategies are lacking, MVI prevention is 
an important target for further improvement24. Optimal antithrombotic therapy with 
a P2Y12 inhibitor plus aspirin represents the cornerstone for ACS patients. In contrast 
to P2Y12 inhibitors clopidogrel and prasugrel, ticagrelor has the unique ability to block 
the equilibrative nucleoside transporter (eNT) -1 receptor, increasing local extracellular 
adenosine levels25. Adenosine is a microcirculatory vasodilator and thus ticagrelor medi-
ated increased plasmatic adenosine levels might reduce coronary microvascular injury 
(MVI) in revascularized STeMI26. The pleiotropic effects of ticagrelor may also improve 
peripheral arterial function in ACS27, though should be confirmed in a randomized trial.
The aim of this thesis is to address the challenges and opportunities to improve func-
tional outcome after PCI, focusing on access-site related vascular injury and microvascu-
lar injury after primary PCI.

ThesIs ouTlIne

Clinical insights in the consequences of transradial access

Chapter 1 demonstrates that injuries of the radial artery are highly frequent after TrI and 
are associated with increased wall thickness and lumen loss. These structural changes 
of the radial artery were not associated with radial artery occlusion or functional com-
plaints of the upper extremity.
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Chapter 2 shows that TrI has no significant impact on self-reported upper extremity 
function and cold intolerance at short-term. Access site related extremity complaints are 
mostly determined by pain and were equally reported after transradial and transfemoral 
access.
Chapter 3 outlines that TrI did not affect upper extremity function at long-term follow-up 
and did not lead to cold intolerance of the hand. Access site related extremity complaints 
diminish over time and are equally reported after transradial and transfemoral access.
Chapter 4 reports that endothelial dysfunction, as measured by pulse amplitude tonom-
etry, is not associated with radial artery spasm (rAS) during TrI. The rAS-risk score and 
discordance between the radial artery and introducer sheath diameter (rAID/SOD-ratio) 
confirmed to be good predictors of rAS.
Chapter 5 provides detailed insight into the vascular anatomy of the hand and the poor 
diagnostic accuracy of the modified Allen Test and Barbeau Test for palmar arch com-
pleteness. Incompleteness of the palmar arch circulation was not associated with upper 
extremity dysfunction after TrI.
Chapter 6 depicts impaired digital tissue perfusion in both hands during TrI, as mea-
sured with Laser Doppler Perfusion Imaging. The bilateral reduction of digital perfusion 
did not lead to future loss of upper extremity function and was not associated with 
variations of the vascular anatomy of the hand.
Chapter 7 proves the reliability of the Nexfin monitoring system to quantify the extent of 
the collateral hand circulation during radial artery occlusion, in relation to Laser Doppler 
Perfusion Imaging.
Chapter 8 confirms that chronic radial artery occlusion leads to increased compensatory 
flow in the ipsilateral ulnar artery and will not lead to impaired digital tissue perfusion or 
exercise induced ischemia of the hand, established by Laser Doppler Perfusion Imaging, 
transcutaneous oxygen pressures and thumb capillary lactate levels.

Insights in microvascular injury and endothelial function after ACs

Chapter 9 describes the rationale of the reDUCe-MVI trial, assessing the potential superi-
ority of ticagrelor over prasugrel in terms of coronary microvascular injury in primary PCI 
that might be attributed to the pleiotropic effects of ticagrelor through the adenosine 
pathway.
Chapter 10 reports the main results of the reDUCe-MVI trial, showing that ticagrelor was 
not superior to prasugrel in preventing coronary microvascular injury, as assessed with 
the index of microcirculatory resistance in the infarct-related territory and resulting in 
comparable infarct size with both regimens.
Chapter 11 describes the rationale of the HI-TeCH trial, a crossover study aimed to 
ascertain the superior effect of ticagrelor on endothelial function in comparison to 
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clopidogrel and prasugrel in post-ACS patients that might be mediated by increased 
plasma adenosine levels with ticagrelor.
Finally, Chapter 12 reports the primary outcome of the HI-TeCH trial, showing no dif-
ferential effect on endothelial function between ticagrelor, prasugrel and clopidogrel in 
stabilized post-ACS patients at treatment steady state, as expressed by similar reactive 
hyperemia indices with pulse amplitude tonometry.
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AbsTRACT

background

radial artery wall might be damaged after cannulation for cardiac catheterization.
We investigated structural changes of the radial artery wall after catheterization to 
understand if these might predict radial pulsation loss or occlusion and local pain or 
functional impairment of the upper extremity.

Methods and Results

Ninety patients underwent transradial coronary angiography or intervention and were 
scanned with a very-high resolution 40MHz Ultrasound before cannulation, at 3-hours 
and 30-days after procedure. Acute injuries of the radial artery occurred in all patients: 
dissection and intramural haematoma were the most common. However, these phe-
nomena did not predict loss of radial pulsation or occlusion, local pain or functional 
impairment at 30 days. Overall the radial artery lumen was significantly reduced distal 
to the puncture site. radial artery intima and total-wall thickness increased 3 hours after 
puncture and persisted at 30 days. radial occlusion and pulsation loss was observed in 
3.9% and 9.2% of patients respectively at thirty days. Smaller radial artery lumen at base-
line increased the risk of radial pulsation loss at 30 days (Or 1.23; p: 0.049). The number 
of radial puncture attempts predicted pulsation loss (Or 2.64; p= 0.027), occlusion (Or 
3.49; p=0.022) and symptoms (Or 2.24; p=0.05) at 30-day follow-up.

Conclusions

After catheterization, radial artery puncture site is associated with increased intima and 
total-wall thickness and with modest decrease of inner lumen diameter. Acute injuries 
of the vessel wall were ubiquitous but contrary to repeated puncture attempts, did not 
seem to affect post-procedural radial occlusion or loss of pulsation.
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1
InTRoduCTIon

The use of the radial artery as preferred access site for coronary diagnostics and inter-
ventions is rapidly increasing worldwide given the extensive evidence demonstrating 
its benefit on vascular complications and mortality 1-3, its cost-effectiveness 4 and the 
increased patient satisfaction in comparison to the femoral approach 2. However, this 
approach could be complicated by radial artery occlusion (rAO), which, only rarely 
causes hand ischemia but more commonly impede future utilization of the radial artery 
as an access site for catheterization or as a conduit for hemodialysis and coronary artery 
bypass graft (CABG). The occurrence of rAO after catheterization has been reported in 
up to 30% of patients5, and thrombosis and/or intimal hyperplasia due to the vascular 
damage are suggested pathophysiological mechanisms. In addition, radial artery can-
nulation has also been related with several non-occlusive modifications as acute wall 
injuries, endothelial dysfunction and impaired vasomotion.
The aim of the r-rADAr (rotterdam rADial Access research) study was to describe 
with very high-resolution ultrasound structural changes in the radial artery wall at its 
puncture site after transradial catheterization and investigate if these changes might 
predict radial artery occlusion or loss of pulsation, local pain or functional impairment 
of the upper extremity.

MeThods

Study Population: A total of 100 consecutive patients undergoing transradial catheteriza-
tion for diagnostic coronary angiography with or without intervention were enrolled in 
this prospective single-center registry. radial artery catheterization within 2 months or 
clinical instability (including presentation with ST-elevation myocardial infarction) were 
the main exclusion criteria. The erasmus Medical Center review Board approved the trial 
and all patients gave written informed consent to participate. eventually, 90 patients 
were treated through the pre-selected radial artery and constitute the final population.
Ultrasound Evaluation: Ultrasound studies were performed by two experienced sonog-
raphers (KW, jL) with a Visualsonics MS550D and a 22-55 Mhz probe (VisualSonics Inc. 
Toronto, Canada), a very-high resolution ultrasound system with a spatial resolution of 
30–50μm 6-8. At baseline, an estimated puncture site with adequate radial pulsation was 
marked. The area was photographed and digitally stored as a reference for the evalua-
tion at follow-up (Supplementary Figure 1). Ultrasound evaluation was than performed 
before radial cannulation, 3 hours after the procedure when the compressive device was 
removed, and again after 4-6 weeks. Longitudinal and cross-sectional views were ac-
quired (Supplementary Figure 2). Interpretable ultrasound studies could be obtained in 
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all patients. However, 10 patients were excluded from the analysis because the studied 
right radial artery was eventually not used for catheterization (Supplementary Table 1).
Transradial coronary catheterization: After local anesthesia of the puncture site with 
xylocaine 2%, a 6-French sheath (radifocus, Terumo, japan) (outer diameter: 2.45 mm) 
was inserted at or close to the previously marked site. The anterior wall technique was 
used to achieve artery cannulation in all patients of the study. Sheath insertion was 
followed by an intra-arterial bolus of 2,500 IU of unfractionated heparin in diagnostic 
procedures, whereas for percutaneous coronary intervention (PCI) 100 IU/kg body 
weight of unfractionated heparin or bivalirudin at the product-labeling dose was used. 
A mixture of 0.2 mg nitroglycerin and 2.5 mg verapamil for prevention of radial artery 
spasm was injected in all patients. At the end of the procedure, the radial sheath was 
removed and a dedicated compression device (Tr BAND, Terumo, japan) was applied. 
It was recommended to achieve non-occlusive compression by performing the reverse 
Barbeau test 9. In 30-minutes intervals air was released from the compression device 
until removal after 3 hours. All patients underwent physical and ultrasound examination 
of the radial artery at baseline before the catheterization, 3 hours after sheath removal 
and 4-6 weeks after the procedure.
Echographic Endpoints: The echographic measurements were pre-specified in the study 
protocol, and included the radial artery inner lumen diameter, the total wall thickness 
and the relative intima and media thickness at the puncture site. The region of inter-
est around the puncture site was arbitrarily defined 4 mm proximally and distally to 
the entry site (Supplementary Figure 3). The inner lumen diameter was measured in a 
longitudinal view and defined as the distance between the leading edges of the intima-
lumen interface of the near wall and the lumen-intima interface of the far wall. Inner 
diameter was acquired at the entry site and at the distal and proximal landmark sites 
(Supplementary Figure 3). The total wall thickness, including the intima, the media and 
the adventitia, was measured in a cross-sectional view within the puncture site region 
of interest in a frame showing a three-layer appearance of the vessel wall (Supplemen-
tary Figure 4). Intima thickness was defined as the distance from the leading edge of 
the lumen-intima interface to the interface between intima and media and separately 
measured as in previous reports using the same technology 8. The media thickness was 
calculated by subtracting the intima thickness from the intima-media thickness.
The definitions of specific acute wall injuries of the radial artery are provided in the 
Supplementary Methods section.
Clinical Endpoints: Clinical endpoints evaluated at three hour and thirty day follow-up 
were 1) radial artery pulsation loss (rAPL), defined as any loss of radial artery pulsation 
at the puncture site, that was normally detected at baseline; 2) radial artery occlusion 
(rAO), defined as imaging confirmed lack of anterograde flow in the radial artery, that 
was present at baseline; 3) symptoms of pain or discomfort of the upper extremity 
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reported by the patients at follow-up; 4) functional impairment, defined as any kind of 
functional compromise of the upper extremity reported by the patients at follow-up, 
that was likely related to the procedure.
Statistical Analysis: The sample size of this exploratory study was arbitrarily set at 100 
patients. Categorical variables were expressed as frequency (percentage), whereas 
continuous variables were expressed as mean ±SD. repeated measures ANOVA with a 
Greenhouse-Geisser correction was used to compare echographic measures at baseline 
with the respective values at the 3-hour and 30-day follow-up. Post-hoc testing between 
the three timepoints was performed using the Bonferroni correction for multiple com-
parisons (2-sided α = 0.05/3 = 0.0167). Mixed-design analysis of variance was used to 
test the consistence of paired measurements results among subgroups (i.e. gender, 
diabetes, current smoking, hypertension, dyslipidemia, prior myocardial infarction and 
peripheral vascular disease).
Correlations between variables were assessed with the Pearson’s r correlation coef-
ficient. Univariate regression analysis was used to investigate the predictive value for 
the occurrence of clinical endpoints. Statistical significance was set at a p value < 0.05.

ResulTs

A total of 100 patients who were scheduled for coronary diagnostic angiography or in-
tervention underwent ultrasound assessment of the radial artery in the r-rADAr study. 
Nine patients were eventually treated through the femoral artery and one through the 
contralateral radial artery. The pre-selected radial artery was successfully cannulated in 
90 patients, who thus represent the final population of this analysis (Figure 1). eighty-
eight and 77 patients completed the echographic evaluation at three-hours and thirty-
days respectively.
Baseline characteristics are displayed in Table 1. Procedure duration was on average 
50 minutes (Table 2). radial artery pulsation loss (rAPL) was observed in 10 patients, 5 
(6.1%) at three-hours and 7 (9.2%) at 30-days. Three patients (3.4%) developed radial ar-
tery occlusion (rAO) immediately after procedure, which persisted at 30-day follow-up. 
In total 44 patients experienced pain or discomfort of the upper extremity, 32 (36.8%) 
at three-hour follow-up and 24 (32.0%) at thirty days, whereas any kind of functional 
compromise occurred in 19 patients, 12 (14.1%) at three-hour and 9 (12.0%) at 30-day 
follow-up. All patients suffering radial occlusion were symptomatic, but only one expe-
rienced functional compromise. Two patients with radial artery occlusion at thirty days 
also had loss of radial pulsation.
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ultrasound findings

The mean radial artery lumen at puncture-site was 2.25mm. The presence of wall calcifi-
cation and artery spasm at baseline was reported in 7 and 10% of patients respectively.
After the procedure acute wall injuries at the puncture site were ubiquitous (Figure 2 
and 3) (Supplementary Videos 1-7). eighty-six (97.7%) patients showed acute injuries at 
three-hours and 74 (96.1%) at 30 days. radial dissection and wall haematoma were most 
frequent both at 3 hours (Dissection: 89.8%; Haematoma: 73.9%) and 30-days (Dissec-
tion: 83.1%; Haematoma: 64.9%). More than half of the patients had lumen narrowing at 
any timepoint. Pseudo-aneurysms was observed in 14.8% of patients at 3-hours, increas-
ing to 55.8% at 30-day follow-up. Thrombus formation at any timepoint was seen in 4% 
of patients (Figure 4).

Table 1. Patients’ Characteristics

Age (yr) 64.6±10.5

Male sex, no.(%) 72.2% (65/90)

Body Mass Index (kg/m2) 27.9±4.0

Diabetes, no.(%) 15.6% (14/90)

Hypertension, no.(%) 56.7% (51/90)

Hyperlipidemia no.(%) 60% (54/90)

Smoking, no.(%) 20% (18/90)

Prior myocardial infarction no.(%) 20% (18/90)

Prior PCI* or CABG† no.(%) 41.1% (37/90)

Peripheral Vascular Disease no.(%) 20 % (18/90)

* PCI: Percutaneous Coronary Intervention
† CABG: Coronary Artery Bypass Graft

100 Enrolled and underwent 
baseline echo evaluation 

90 Underwent  
radial catheterization 

as assigned 

88 Evaluated at the 
3 hour follow-up 

77 Evaluated at 
the 30 day 
follow-up 

 
9 Cross-over to femoral    
__access 
1 Cross-over to contralateral 
radial access 

 
2 Left the hospital earlier than 
three hours after procedure  

 
5 patients suspended for logistical 
reasons 
3 patients had concomitant medical 
or surgical conditions 
1 patient received catheterization 
through the same artery 
2 Others 

Enrolment 

Cath 
Lab 

3 Hours 
Follow-Up 

30 Day 
Follow-Up 

figure 1. Study Profile.
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radial artery inner lumen diameter in the region of interest changed over time (Figure 5). 
At the entry site it slightly decreased 3 hours after the procedure (baseline 2.25±0.50 vs. 
3-hours 2.02±0.66; p= 0.01), and partially restored at 30 days follow-up (3-hours 2.02±0.66 
vs. 30-days 2.14±0.68; p= 0.38) (Table 3). The lumen diameter remained unchanged during 
follow up proximally to the entry site whereas it consistently decreased over time distally 
(Figure 5 and Table 3). No interaction was observed between the change in lumen diameter 
overtime and the baseline characteristics explored (i.e. gender, diabetes, current smoking, 
hypertension, dyslipidemia, prior myocardial infarction and peripheral vascular disease).
The total wall thickness of the radial artery at the puncture site tripled 3 hours after 
cannulation, and further increased by 28% at 30-days (Figure 5 and Table 3). The artery 
intima thickened at 3 hours, and persisted at thirty days, whereas the media did not 
change significantly over time (Figure 5 and Table 3).

Impact of ultrasound findings and procedural characteristics on Clinical 
endpoints

Injuries to the radial wall detected at 3-hour or 30-day follow-up did not correlate with 
clinical endpoints (Table 4). radial artery occlusion was due to thrombus formation in 
one case, spiral dissection in another and to wall haematoma in the last. radial artery 
pulsation loss at thirty days occurred in 2 out of three patients with rAO, in 4 patients 
with radial artery spasm and in 1 patient with slow-flow and spontaneous contrast.

Table 2. Procedural Characteristics

Allen Test Positive (%) 85.5% (65/76)

Spasm at baseline (%) 10% (9/90)

Punctures Number of Attempts 1 (1-2)

range 1-4

More than 1 attempt 16.1% (14/87)

Coronary Angiography only (%) 56.7% (51/90)

PCI* Performed (%) 43.3% (39/90)

PCI* number of treated vessels 1 (1-2)

Procedure Duration (min.) 50 (34-77)

Coronary Angiography only 35 (27-46)

PCI* Performed 77 (62-104)

Heparin Used no.(%) 93.3% (84/90)

Heparin Total Dose (IU) 7500 (6250-10,000)

Bivalirudin Used no.(%) 6.7% (6/90)

Bivalirudin Total Dose 265.5 (161.2-383.4)

Active Coagulation Time 284±104

* PCI: Percutaneous Coronary Intervention
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figure 2. radial cannulation and injuries. In the upper part, sheath removal and consequent trauma. In the 
lower part: acute wall injuries of the radial artery after cannulation observed with very-high resolution ultra-
sound: dissection (A); intramural hematoma (B); pseudo-aneurysm (C); spasm (D); thrombus formation (e).

!isse%&on	 Haematoma	 Pseudo-Aneurysm	

Lumen	Compromise	 Spasm	 Thrombus	

figure 3. Ultrasound evidence of radial artery acute wall injuries at puncture site. (A) radial Dissection: The 
arrowhead indicates the disruption of the vessel layers at the longitudinal view. (B) Wall Hematoma: the ar-
rowhead indicates the hematoma with evidence of blood between the vessel layers. (C) Pseudo-Aneurysm: 
Arrowhead indicates the pseudo-aneurysm at the longitudinal view, with evidence of blood outside the 
vessel wall. (D) Lumen Compromise. (e) Spasm: The arrowhead indicates spasm, shown as vessel shrinkage 
and a thickened intima. (F) Thrombus: arrowhead indicates the thrombus presenting as a still mass in the 
vessel lumen, characterized by the clear transition between its surface and the intima.
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Smaller radial arteries at baseline had higher risk for rAPL both at three hour (Or 1.42 
per 0.1mm reduction; 95%CI 1.08-1.88; p= 0.013) and thirty day follow-up (Or 1.23 
per 0.1mm reduction; 95%CI 1.00-1.52; p= 0.049), but no higher risk of rAO, pain and 
discomfort or functional impairment (Table 4). Intima, media or overall wall thickness 
did not affect clinical endpoints at any time point (Table 4). The presence of radial artery 
calcification at baseline was associated with rAPL at three hours (Or 12.33; 95%CI 1.58-
96.0; p= 0.016) with a consistent trend at thirty days (Or 6.60; 95%CI 0.96-45.3; p= 0.055) 
(Table 4). The number of puncture attempts required to achieve radial cannulation 
predicted the occurrence of rAPL (Or 2.64; 95%CI 1.11-6.24; p= 0.027), rAO (Or 3.49; 
95%CI 1.20-10.1; p= 0.022) and pain and discomfort (Or 2.24; 95%CI 1.00-5.04; p= 0.05) 
at thirty days, with an increased risk after each further attempt (Figure 6). At three hours, 
the number of puncture attempts also correlated with rAO (Or 3.49; 95%CI 1.22-9.96; 
p= 0.020), with a similar trend for rAPL (Or 2.17; 95%CI 0.75-6.29; p= 0.15), pain and 
discomfort (Or 1.71; 95%CI 0.84-3.49; p= 0.14) but not functional impairment (Or 1.05; 

figure 4. Incidence of radial artery acute wall injuries at puncture site. The histogram expresses the per-
centage of the population presenting each injury at 3-hour, 30-day follow-up and overall. Injuries observed 
were not mutually exclusive.
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95%CI 0.40-2.76; p= 0.91) at this timepoint. When we searched for correlation between 
the number of puncture attempts and ultrasound measurements we observed a strong, 
negative correlation between the number of attempts and the radial lumen diameter at 
puncture site both at 3-hour and 30-day follow-up. We did not observe any correlation 
between the number of puncture attempts and the total wall, intima and media thick-
ness at 3-hour and 30-day follow-up (Table 5).

Table 3. radial artery ultrasound measurements at the puncture site region of interest

Pre
Procedure

(1)

Three hour
follow-up

(2)

Thirty day
follow-up

(3)

p Value
(1-2-3)

p Value
(1-2)

p Value
(2-3)

p Value
(1-3)

Mid Lumen Diameter, mm 2.25±0.50 2.02±0.66 2.14±0.68 0.016 0.01 0.38 0.57

Distal Lumen Diameter, mm 2.21±0.50 2.10±0.45 1.99±0.53 0.005 0.32 0.38 0.001

Proximal Lumen Diameter, mm 2.29±0.53 2.22±0.48 2.17±0.53 0.19 - - -

Total Wall Thickness, mm 0.32±0.10 1.01±0.49 1.28±0.41 <0.0001 <0.0001 <0.0001 <0.0001

Intima Thickness, mm 0.11±0.09 0.16±0.06 0.16±0.08 <0.0001 0.001 1.00 0.004

Media Thickness, mm 0.18±0.04 0.26±0.14 0.32±0.13 0.07 - - -

figure 5. evolution of radial artery measurements at the puncture site over time. Upper panel: (A) radial 
artery inner lumen diameter evolution at the puncture site region of interest at the three time points (i.e. 
before cannulation, at 3-hour and at 30-day follow-up). Lower panel: Box plots for the radial artery intima 
(B) media (C) and total wall (D) thickness at the three time points.
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Table 4. Impact of ultrasound findings on clinical endpoints

Three Hour Follow-up Thirty Day Follow-up

endpoint
no. (%)

odds-Ratio
(95% CI)

p
Value

endpoint
no. (%)

odds-Ratio
(95% CI)

p
Value

Radial Artery Pulse loss 5/82 (6.1) – – 7/76 (9.2) – –

Acute Wall Injuries*

No Dissection 0/7 (0) - - 1/7 (14.3) - -

Dissection 5/75 (6.7) n.a. - 6/69 (8.7) 0.56 (0.06-5.48) 0.62

No Haematoma 2/21 (9.5) - - 3/21 (14.3) - -

Haematoma 3/61 (4.9) 0.52 (0.08-3.23) 0.49 4/55 (7.3) 0.50 (0.10-2.43) 0.39

No Pseudo-Aneurysm 5/70 (7.1) - - 6/64 (9.4) - -

Pseudo-Aneurysm 0/12 (0) n.a. - 1/12 (8.3) 0.89 (0.10-8.17) 0.92

No Lumen Compromise 0/30 (0) - - 2/28 (7.1) - -

Any Lumen 
Compromise

5/52 (9.6) n.a. - 5/48 (10.4) 1.48 (0.27-8.17) 0.65

No Spasm 3/57 (5.3) - - 4/51 (7.8) - -

Spasm 2/25 (8.0) 1.50 (0.23-9.56) 0.67 3/25 (12.0) 1.53 (0.32-7.42) 0.60

No Thrombus 5/81 (6.2) - - 7/75 (9.3) - -

Thrombus 0/1 (0) n.a. - 0/1 (0) n.a. -

Measurements and 
characteristics

No Calcifications at 
baseline

3/76 (3.9) - - 5/70 (7.1) - -

Calcifications at 
baseline

2/6 (33.3) 12.33 (1.58-96.0) 0.016 2/6 (33.3) 6.60 (0.96-45.3) 0.055

Diameter at puncture 
site at baseline (0.1mm 
decrease)†

- 1.42 (1.08-1.88) 0.013 - 1.23 (1.00-1.52) 0.049

Total Wall Thickness 
at baseline (0.1mm 
decrease)

- 1.40 (0.71-2.77) 0.33 - 1.45 (0.55-3.84) 0.44

Intima Thickness at 
baseline (0.01mm 
decrease)

- 1.04 (0.98-1.10) 0.22 - 1.03 (0.88-1.20) 0.71

Media Thickness at 
baseline (0.01mm 
decrease)

- 0.90 (0.75-1.07) 0.24 - 1.11 (0.95-1.30) 0.20

Radial Artery occlusion 3/87 (3.4) - - 3/76 (3.9) - -

Acute Wall Injuries*

No Dissection 1/9 (11.1) - - 1/7 (14.3) - -

Dissection 2/78 (2.6) 0.21 (0.02-2.55) 0.22 2/69 (2.9) 0.18 (0.01-2.24) 0.18

No Haematoma 1/22 (4.5) - - 1/21 (4.8) - -

Haematoma 2/65 (3.1) 0.70 (0.06-8.08) 0.77 2/55 (3.6) 0.79 (0.07-9.21) 0.85

No Pseudo-Aneurysm 3/75 (4.0) - - 3/64 (4.7) - -
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Table 4. Impact of ultrasound findings on clinical endpoints (continued)

Three Hour Follow-up Thirty Day Follow-up

endpoint
no. (%)

odds-Ratio
(95% CI)

p
Value

endpoint
no. (%)

odds-Ratio
(95% CI)

p
Value

Pseudo-Aneurysm 0/12 (0) n.a. - 0/12 (0) n.a. -

No Lumen Compromise 1/33 (3.0) - - 1/28 (3.6) - -

Any Lumen 
Compromise

2/54 (3.7) 1.21 (0.10-13.8) 0.88 2/48 (4.2) 1.15 (0.10-13.3) 0.91

No Spasm 1/60 (1.7) - - 1/51 (2.0) - -

Spasm 2/27 (7.4) 4.53 (0.39-52.3) 0.22 2/25 (8.0) 4.17 (0.36-48.2) 0.25

No Thrombus 3/86 (3.5) - - 3/75 (4.0) - -

Thrombus 0/1 (0) n.a. - 0/1 (0) n.a. -

Measurements and 
characteristics

No Calcifications at 
baseline

3/81 (3.7) - - 3/70 (4.3) - -

Calcifications at 
baseline

0/6 (0) n.a. - 0/6 (0) n.a. -

Diameter at puncture 
site at baseline (0.1mm 
decrease)†

- 1.20 (0.89-1.61) 0.24 - 1.19 (0.89-1.59) 0.24

Total Wall Thickness 
at baseline (0.1 mm 
decrease)

- 0.42 (0.07-2.38) 0.33 - 2.27 (0.41-12.5) 0.44

Intima Thickness at 
baseline (0.01mm 
decrease)

- 0.90 (0.61-1.31) 0.58 - 1.08 (0.76-1.56) 0.65

Media Thickness at 
baseline (0.01mm 
decrease)

- 0.90 (0.72-1.14) 0.39 - 1.11 (0.88-1.39) 0.39

Pain and discomfort 32/87 (36.8) - - 24/75 (32.0) - -

Acute Wall Injuries*

No Dissection 3/9 (33.3) - - 2/7 (28.6) - -

Dissection 29/78 (37.2) 1.16 (0.27-4.99) 0.84 22/68 (32.4) 1.17 (0.21-6.51) 0.86

No Haematoma 9/23 (39.1) - - 8/20 (40.0) - -

Haematoma 23/64 (35.9) 0.93 (0.35-2.47) 0.89 16/55 (29.1) 0.67 (0.23-1.92) 0.45

No Pseudo-Aneurysm 29/74 (39.2) - - 22/63 (34.9) - -

Pseudo-Aneurysm 3/13 (23.1) 0.48 (0.12-1.87) 0.29 2/12 (16.7) 0.38 (0.08-1.90) 0.24

No Lumen Compromise 12/33 (36.4) - - 8/27 (29.6) - -

Any Lumen 
Compromise

20/54 (37.0) 1.00 (0.41-2.45) 0.99 16/48 (33.3) 1.15 (0.42-3.19) 0.79

No Spasm 20/60 (33.3) - - 15/50 (30.0) - -

Spasm 12/27 (44.4) 1.50 (0.60-3.77) 0.39 9/25 (36.0) 1.23 (0.45-3.39) 0.68

No Thrombus 32/86 (37.2) - - 24/74 (32.4) - -
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Table 4. Impact of ultrasound findings on clinical endpoints (continued)

Three Hour Follow-up Thirty Day Follow-up

endpoint
no. (%)

odds-Ratio
(95% CI)

p
Value

endpoint
no. (%)

odds-Ratio
(95% CI)

p
Value

Thrombus 0/1 (0) n.a. - 0/1 (0) n.a. -

Measurements and 
characteristics

No Calcifications at 
baseline

29/81 (35.8) - - 23/69 (33.3) - -

Calcifications at 
baseline

3/6 (50.0) 1.83 (0.35-9.64) 0.48 1/6 (16.7) 0.41 (0.04-3.70) 0.43

Diameter at puncture 
site at baseline (0.1mm 
decrease)†

- 1.01 (0.92-1.11) 0.80 - 1.00 (0.90-1.10) 0.98

Total Wall Thickness 
at baseline (0.1 mm 
decrease)

- 1.21 (0.79-1.85) 0.39 - 1.16 (0.52-1.42) 0.55

Intima Thickness at 
baseline (0.01mm 
decrease)

- 1.02 (0.97-1.08) 0.39 - 1.02 (0.95-1.08) 0.65

Media Thickness at 
baseline (0.01mm 
decrease)

- 1.07 (0.99-1.15) 0.10 - 1.04 (0.95-1.14) 0.41

functional Impairment 12/85 (14.1) 9/75 (12.0)

Acute Wall Injuries*

No Dissection 0/9 (0) - - 1/7 (14.3) - -

Dissection 12/76 (15.8) n.a. - 8/68 (11.8) 0.79 (0.08-7.40) 0.83

No Haematoma 5/22 (22.7) - - 3/20 (15.0) - -

Haematoma 7/63 (11.1) 0.45 (0.13-1.59) 0.22 6/55 (10.9) 0.73 (0.17-3.25) 0.68

No Pseudo-Aneurysm 10/72 (13.9) - - 8/63 (12.7) - -

Pseudo-Aneurysm 2/13 (15.4) 1.14 (0.22-5.95) 0.87 1/12 (8.3) 0.64 (0.07-5.61) 0.68

No Lumen Compromise 7/32 (21.9) - - 4/27 (14.8) - -

Any Lumen 
Compromise

5/53 (9.4) 0.36 (0.10-1.26) 0.11 5/48 (10.4) 0.65 (0.16-2.67) 0.55

No Spasm 8/59 (13.6) - - 6/50 (12.0) - -

Spasm 4/26 (15.4) 1.11 (0.30-4.05) 0.88 3/25 (12.0) 0.96 (0.22-4.18) 0.95

No Thrombus 12/84 (14.3) - - 9/74 (12.2) - -

Thrombus 0/1 (0) n.a. - 0/1 (0) n.a. -

Measurements and 
characteristics

No Calcifications at baseline 12/79 (15.2) - - 9/69 (13.0) - -

Calcifications at baseline 0/6 (0) n.a. - 0/6 (0) n.a. -

Diameter at puncture site at 
baseline (0.1mm decrease)†

- 1.07 (0.93-1.25) 0.30 - 0.94 (0.83-1.07) 0.38



Chapter 1  |  r-rADAr study

36

Table 4. Impact of ultrasound findings on clinical endpoints (continued)

Three Hour Follow-up Thirty Day Follow-up

endpoint
no. (%)

odds-Ratio
(95% CI)

p
Value

endpoint
no. (%)

odds-Ratio
(95% CI)

p
Value

Total Wall Thickness at 
baseline
(0.1 mm decrease)

- 0.93 (0.50-1.75) 0.82 - 1.19 (0.55-1.56) 0.66

Intima Thickness at baseline
(0.01mm decrease)

- 0.93 (0.78-1.10) 0.40 - 1.10 (0.88-1.35) 0.41

Media Thickness at baseline
(0.01mm decrease)

- 1.08 (0.96-1.19) 0.24 - 0.96 (0.84-1.09) 0.54

* Acute wall injuries detected at three hour follow-up
† Diameter at puncture site was considered at the mid entry site

figure 6. Impact of the number of puncture attempts on clinical endpoints. Forest Plot with odds ratio, 
confidence interval and p-value for the occurrence of each clinical endpoint at 30 days is presented. An 
Odds-ratio >1 represent to an increase of the risk of each endpoint to occur at 30 days. CI: Confidence 
Interval.

Table 5. Correlation between number of punctures and ultrasound measurements at 3 hours and 30 days

Three Hour Follow-up Thirty Day Follow-up

Correlation 
Coefficient

p Value Correlation 
Coefficient

p Value

Mid Lumen Diameter, mm -0.49 <0.0001 -0.45 <0.0001

Distal Lumen Diameter, mm -0.21 0.069 -0.25 0.037

Proximal Lumen Diameter, mm -0.37 0.001 -0.47 <0.0001

Total Wall Thickness, mm 0.10 0.356 0.02 0.871

Intima Thickness, mm -0.02 0.829 -0.21 0.076

Media Thickness, mm -0.18 0.431 -0.05 0.853
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dIsCussIon

In this prospective mechanistic study we evaluated the radial artery by non-invasive 
very-high resolution ultrasound after transradial catheterization. We found that:
1) The radial artery puncture site could be assessed, non-invasively and in detail with 

very-high resolution ultrasound.
2) The incidence of radial artery occlusion and pulsation loss at thirty days was 3.9% 

and 9.2% respectively.
3) Traumatic injuries to the radial artery were ubiquitous, but did not result in any ap-

parent clinical consequence.
4) The lumen of the radial artery at the puncture site modestly varied during follow-up, 

and was slightly reduced only in the distal part of the region of interest. Intima and 
overall arterial thickness increased at three hours, which persisted at 30 days.

5) Smaller radial artery size and presence of wall calcification at baseline predicted 
radial pulse loss at three hours and thirty days.

6) A higher number of puncture attempts to cannulate the radial artery predicted radial 
occlusion, loss of pulsation and symptoms at 30-day follow-up.

To the best of our knowledge, this is the first study evaluating in-vivo the radial artery 
puncture site, before and after cannulation, with a non-invasive very-high resolution 
imaging technique. Invasive imaging studies already demonstrated structural changes 
in the proximal segments of the radial artery after cannulation 10, 11. However, an intrinsic 
limitation of intravascular imaging is the inability to examine vessel segments distal to 
the sheath tip, precluding a comprehensive evaluation of the puncture site. Non-invasive 
ultrasound was used to evaluate radial artery after cannulation for coronary catheteriza-
tion5 and in the emergency medicine setting12. Yet, conventional ultrasound systems use 
vascular probes with a frequency between 7 and 10 Mhz, producing a spatial resolution 
of 300μm, thus incapable to discriminate subtle changes of the radial wall such as the 
intima/media thickness and local wall injuries observed with histopathology 13. In the 
current study we used a very-high resolution ultrasound system with a frequency of 40 
Mhz, and a spatial resolution of 30μm similar to intravascular ultrasound 6, 7.
We found a variety of radial wall injuries after radial catheterization, occurring in all 
patients. These could be related to puncture trauma or to the mismatch between sheath 
size and artery diameter 14. The average inner diameter of the radial artery in our study 
(i.e. 2.25 mm) was significantly smaller than the outer diameter of the 6-french sheath 
used (i.e. 2.45mm), hence producing an angioplasty-like effect during insertion. Yonetsu 
et al. reported similar injuries - intimal tears in 44.1% of patients and radial dissection 
in 24.7% - with optical coherence tomography in the proximal segment of the radial 
artery 10. In our dataset, the acute wall injuries of the radial artery were not associated 
with rAO, rAPL, symptoms or functional impairment. This may be related to a lack of 
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statistical power due to the relatively low occurrence of rAO and rAPL. In our study the 
occurrence of rAO and rAPL was lower than previously reported and may result from a 
strict protocol including routine use of peri-procedural anticoagulation, non-occlusive 
compression and relatively short total compression times 5, 15, 16.
Our study confirmed modest reductions of the radial artery lumen size after cannulation 
5, 10, 11, 13. This could be mechanistically explained by impaired vasomotion and by the 
increase in wall thickness. Impaired vasomotion after radial cannulation could be the 
result of endothelial dysfunction 17 after endothelial stripping caused by sheath inser-
tion, or smooth-muscle cell damage 18. We also confirmed histopathology and imaging 
data that indicated a consistent increase in the intimal and total wall thickness 10, 13. 
In our study this was related to the development of acute wall injuries that increased 
the distance between the intimal and the adventitial layers. Over half of patients had 
pseudo-aneurysms at 30 days follow up. This high rate can be explained by the un-
precedented high spatial resolution of the non-invasive 40 Mhz ultrasound technology 
used. The majority of these pseudo-aneurysms would not be visible by standard 10 Mhz 
vascular probes. Notably, we detected an increase in the rate of pseudo-aneurysms from 
three hours to thirty days after the procedure. It could be speculated that early removal 
of the compressive device prior to complete hemostasis may result in continued blood 
accumulation into the arterial wall resulting in pseudo-aneurysm formation. However, 
a previous study demonstrated, on the contrary, a reduction of radial artery occlusion 
with an early deflation of the radial compressive device 15, suggesting an early deflation 
protocol may lead to pseudo-aneurysm formation that however does not result in radial 
artery occlusion.
We observed a relatively high proportion of radial artery spasm occurrence at 30 days 
(44.2%), which has not been previously described. However this finding should be 
interpreted with caution. Spasm implied a thickening of the vessel wall layers. Still, ves-
sel wall thickening after cannulation could also be due to vessel remodeling. The exact 
pathophysiological mechanism cannot be discerned with current technology.
Multiple puncture attempts were associated with rAO, rAPL and symptoms at 30 days. 
Previous reports already suggested that multiple puncture attempts might increase 
radial artery spasm 19, while reducing radial artery trauma by several means might 
reduce vascular complications 5, 14, 20. The application of subcutaneous nitrates and the 
implementation of ultrasound-guided puncture may facilitate radial artery cannulation 
and reduce the number of puncture attempts needed to achieve cannulation 21, 22. In 
addition we also observed a negative correlation between radial lumen at 30 days and 
the number of puncture attempts. This might have important consequences for future 
catheterizations through the same radial access considering that smaller and less pulsa-
tile arteries might be more difficult to cannulate.
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limitations

This is a single-center mechanistic study with a relatively small sample size. In order to 
explore predictors of radial artery occlusion or pulse loss we developed a Univariate 
predictive model, which was not adjusted for a number of potential confounders. As 
such, the clinical impact of the radial wall injuries observed with very-high resolution ul-
trasound should be tested in larger studies. The occurrence of symptoms and functional 
impairment was self reported by the patients, and as such could have been biased. 
However, these endpoints were secondary in our study and recent reports confirmed 
the lack of impact of radial catheterization on the upper limb function 23.
radial spasm definition was pre-specified in the study protocol according to accepted 
intravascular ultrasound consensus24. Still, radial spasm was evaluated only in the acute 
phase and the evidence of an image resembling spasm long after cannulation might 
be related with vessel remodeling. However, current technology does not allow a clear 
distinction between spasm and permanent vessel remodeling.
Non-invasive ultrasound evaluation expose radial artery to an external compression, 
which might eventually affect measurements. However, the extent of this change is 
likely to be small due to the higher blood pressure of the arterial system.

ConClusIon

The radial artery puncture site can be assessed non-invasively and in detail by very-high 
resolution ultrasound. Arterial wall healing after transradial catheterization is a dynamic 
process characterized by increased intimal and total wall thickness and a modest reduc-
tion in lumen size. Acute wall injuries of the radial artery were ubiquitous after cannula-
tion but contrary to repeated puncture attempts, did not seem to affect postprocedural 
radial occlusion or loss of pulsation.
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WhAT Is KnoWn:

•	 Radial	 over	 femoral	 access	provides	 less	 access-site	 complications	 and	potentially	
improved survival.

•	 Radial	access	might	complicate	with	occlusion	and	spasm,	and	increase	the	difficulty	
to achieve further catheterizations from the same site.

WhAT The sTudY Adds:

•	 Traumatic	 injuries	 to	 the	 radial	artery	as	evaluated	by	high-resolutions	ultrasound	
imaging were ubiquitous in patients undergoing cannulation.

•	 Radial	artery	intima	and	total-wall	thickened	after	cannulation.
•	 Radial	artery	size,	calcification	at	baseline	and	number	of	puncture	attempts	might	

impact on radial occlusion and pulse loss at follow-up.
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Supplemental Methods 

 

Definitions of Acute Wall Injuries: 

Dissection: disruption of the vessel wall with visible intimal flaps (1). 

Intramural Hematoma: Accumulation of blood within the medial space, displacing internal 

membranes inward and external elastic membrane outward (1). 

Pseudo-aneurysm: Disruption of the external elastic membrane with evidence of blood outside the 

vessel wall (1). 

Any lumen compromise: Compromise of lumen caused by any injury. 

Vasospasm: Focal or diffuse constriction of vessel with evidence of thickening of layers. 

Thrombus:  Distinct mass in vessel lumen, often with small channels, and clear transition with 

intimal layer.  

Calcification: Ultrasound reflection with retro-acoustic shadow (1). 

 

 

 

Supplemental References: 

 

1.	 Mintz GS, Nissen SE, Anderson WD et al. American College of Cardiology Clinical Expert 

Consensus Document on Standards for Acquisition, Measurement and Reporting of 

Intravascular Ultrasound Studies (IVUS). A report of the American College of Cardiology 

Task Force on Clinical Expert Consensus Documents. Journal of the American College of 

Cardiology 2001;37:1478-92. 
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Supplemental Tables 

 

 

Supplemental Table 1: Number of echographic evaluations that were interpretable at each 

timepoint 

	

 

Pre 

Procedure  

(N= 90) 

Three Hour 

Follow-up 

(N= 88) 
 

Thirty Day 

Follow-up 

(N= 77) 
 

    

Mid Lumen Diameter 96.7% (87) 98.9% (87) 96.1% (74) 

    

Distal Lumen Diameter, mm 97.8% (88) 90.1% (80) 89.6% (69) 

    

Proximal Lumen Diameter, mm 96.7% (87) 94.3% (83) 94.8% (73) 

    

Total Wall Thickness, mm 97.8% (88) 95.4% (84) 96.1% (74) 

    

Intima Thickness, mm 97.8% (88) 94.3% (83) 90.9% (70) 

    

Media Thickness, mm 97.8% (88) 94.3% (83) 90.9% (70) 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	 4	

Supplemental Table 2: Correlation between number of punctures and ultrasound measurements at 

3 hours and 30 days 

	
 Three Hour Follow-up  Thirty Day Follow-up 
    
 Correlation 

Coefficient 
p Value  Correlation 

Coefficient 
p Value 

Mid Lumen Diameter, mm -0.46 <0.0001  -0.43 <0.0001 

Distal Lumen Diameter, mm -0.22 0.055  -0.27 0.025 

Proximal Lumen Diameter, mm -0.23 0.039  -0.39 0.001 

Total Wall Thickness, mm 0.11 0.325  0.09 0.452 

Intima Thickness, mm 0.01 0.977  -0.27 0.026 

Media Thickness, mm -0.20 0.380  0.01 0.99 
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Supplemental Figure Legends:  

 

Supplemental Figure 1:	Photograph of labeling. The location of the strongest palpable pulse is 

indicated. The ruler indicates the distance to the wrist crease. 

Supplemental Figure 2:	Method of acquisition and normal appearance. Acquisition of the 

longitudinal view of the radial artery (upper panels). The black marker on the schematic probe 

corresponds to the left side of the screen. Acquisition of the cross-sectional view of the radial artery 

(lower panels). The cross-sectional view is acquired by rotating the probe counter-clockwise from 

the longitudinal position.  

Supplemental Figure 3: Methodology for the longitudinal view.  The lumen diameters are 

measured in the longitudinal view. The region of interest of the puncture site is divided into a 

middle entry site (A) and a proximal (B) and distal landmark (C) respectively located 4 mm 

proximally and distally from the middle entry site. Lumen diameters are measured at the three 

landmarks.  

Supplemental Figure 4: Methodology for the cross-sectional view. Radial artery intima (D), media 

(E) and total wall thickness (F). 

	

	

	

 

 



Chapter 1  |  r-rADAr study

46

	 6	

 

 

Supplemental Figure 1 
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Supplemental Figure 2 
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Supplemental Figure 3 
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Supplemental Figure 4 
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Supplemental Video Legends: 

 

Supplemental Video 1: Normal appearance of the radial artery at baseline with very-high 

resolution ultrasound. Intima and media layers could be easily distinguished. The resolution of the 

technique allows detecting the blood flow through the blood cells speckling. 

Supplemental Video 2: Radial artery dissection. Dissection flap in the upper wall of the radial 

artery at puncture site.  

Supplemental Video 3: Wall Haematoma. Accumulation of blood within the layers of the radial 

artery is seen in the upper wall. Note the absence of the anterograde flow with retrograde filling of 

the artery (radial pulse at thirty days was preserved despite occlusion). 

Supplemental Video 4: Pseudo-Aneurysm. Note the disruption of the external elastic membrane 

with evidence of blood outside the vessel wall.  

Supplemental Video 5: Radial spasm. Note the artery wall increase of thickness in proximity of 

the lumen shrinkage.  

Supplemental Video 6: Thrombus (Longitudinal view). Note the thrombus in the right part of the 

image. The thrombus presents as a still mass in the vessel lumen with a clear transition between its 

surface and the intima. 

Supplemental Video 7: Thrombus (Cross-sectional view). The thrombus is presented in a cross-

sectional view. Note the lack of flow in the central part of the vessel with presence of micro-

channels (at time 4 and 7 in the vessel area).  
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AbsTRACT

objectives

We aimed to study the change of upper limb function when percutaneous coronary 
procedures were performed through the radial artery.

background

It is currently unknown if upper limb function is affected by transradial (Tr) catheteriza-
tion.

Methods and results

Between january 2013 and February 2014 upper limb function was assessed in a total 
of 338 patients undergoing coronary catheterization in an ambulatory setting (85% 
radial approach, 15% femoral approach). Upper limb function was assessed with the 
self-reported shortened version of the “disabilities of arm, shoulder, and hand” (Quick-
DASH) questionnaire. The presence and severity of upper extremity cold intolerance was 
assessed with the self-reported “cold intolerance symptom severity” (CISS) question-
naire. Both questionnaires were completed before the catheterization and at 30 days 
follow-up. Higher scores represent worse upper limb functionality or symptoms. The 
non-parametric Wilcoxon signed-rank test was used to assess the change of upper limb 
function and symptoms over time. Upper limb function did not change significantly 
over time when catheterization was performed through the radial artery (p-value 0.06). 
The number of procedure-related extremity complaints that persisted during 30 days 
follow-up were not different between both access groups (Tr access 10.5%, TF access 
11.5%; p-value 0.82). The upper extremity was not affected by cold intolerance after Tr 
access at 30 days follow-up (p-value 0.91).

Conclusions

Upper limb function was not affected when coronary catheterizations and interventions 
were performed through the radial artery.
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InTRoduCTIon

Coronary catheterization is regularly performed to diagnose or treat coronary artery 
disease(1,2). The femoral artery has been the default access site for many years. Cur-
rently, the radial artery is the preferred access route for catheterization, mainly driven by 
the lower number of access (site)-related complications(3). Transradial (Tr) access is also 
considered as a more patient-friendly approach. early mobilisation with significantly 
less discomfort may improve quality of life and shorten hospital length of stay(4).
These benefits have led to the progressive adoption of Tr access and brought attention 
to its potential complications and remaining challenges(5,6). radial artery occlusion is 
the most common complication occurring in 2 – 10% of all cases, and even mounting 
up to 30% in selected series(7), but rarely leads to major ischemic events (necrosis) due 
to the collateral circulation of the hand(8). However, it has been reported that radial 
artery occlusion may become symptomatic in 50-60% of all cases(7,9). This is supported 
by perfusion changes of the upper extremity after radial artery harvesting under condi-
tions of stress(10,11). It appears that inadequate collateral flow due to an incomplete 
superficial palmary arch is present in up to 57 % of all hands(12). Therefore, ischemic 
complaints and upper limb dysfunction may occur in patients with radial artery occlu-
sion, albeit at a relatively low rate. In addition, a significant amount of vascular damage 
and chronic intimal thickening is induced by Tr interventions(13) with lumen narrowing 
and endothelial dysfunction, which may jeopardize upper limb function as well(14,15). 
Other factors that may impair upper limb function are nerve injury, granulomas and 
pseudo aneurysms. Apart from mere discomfort, this might have considerable implica-
tions for those patients for which optimal upper extremity function is paramount. We 
therefore sought to determine the self-reported change in upper limb function after Tr 
coronary catheterization.

MeThods

study design

The Assesment of disability after Coronary procedures using radial Access (ACrA) study 
is a prospective two-center study designed to evaluate the consequence of Tr coronary 
catheterization on upper limb function. A total of 1212 elective percutaneous coronary 
procedures were performed between january 2013 and February 2014 in two academic 
institutions. Both institutions are high-volume tertiary referral centres, located in two 
large cities of the Netherlands.
After informed consent was obtained, two different hand function related question-
naires were filled in by the patient during ambulatory day care admission. The results 
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of the questionnaires were unknown to the treating physician and did not influence the 
choice of vascular access. The study protocol was approved by the local ethics committee 
and performed in accordance with the Declaration of Helsinki. exclusion criteria were: a) 
inability to read or not willing to answer the questionnaires; b) STeMI; c) hemodynamic 
instability. The enrolment flowchart of the study is shown in Figure 1. Between january 
2013 and February 2014 a total of 338 patients with complete follow-up were included 
in the present study (Tr access n= 286). Follow-up was incomplete or missing in 14 
patients. Two of them died before 30 days follow-up, 2 patients refused further partici-
pation and incorrect contact information was present in the remaining patients. Before 
the study was initiated we performed a power calculation. Based on a type I error of 5% 
and a power of 80%, assuming a QuickDASH difference of 2.5 and a standard deviation 
of 15, we needed 285 analyzable patients with Tr access and complete follow-up. We 
stopped inclusion when this number was reached. The type of vascular access was left 
to the operator and not mandated by the study, resulting in 52 analyzable patients with 
TF access.

figure 1. enrolment flowchart of the study population
pts = patients, F-up = follow-up, TF = transfemoral, TR = transradial

Coronary catheterization and intervention

The access site for coronary angiography or PCI was according to the preference of the 
treating cardiologist. Institution A performed Tr access with a bare needle technique 
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and institution B with a venous cannula technique. Both centres cannulated preferably 
the right radial artery with a 6 French 10 cm-long sheath (Terumo®) and a cocktail of 
0.2 mg nitroglycerine and 5 mg verapamil was given intra-arterially. In case of coronary 
angiography a standard dose of 5000 IU of unfractionated heparin was given intra-
arterially and when a PCI was performed the amount of unfractionated heparin was 
adapted to the patient’s body weight. At the end of the procedure the sheath was 
removed, and a Tr band was applied (18 mL Tr band, Terumo®) for 4 hours. In case of 
TF access a standard 6 French 10 cm-long sheath (Terumo®) was used. A collagen plug 
device (Angio-seal, St. jude Medical®) was applied at the end of the procedure.

upper limb function and symptoms

The QuickDASH questionnaire was used to assess upper limb function at two time points 
(before and 30 days after catheterization).
The QuickDASH is a shortened version of the Disabilities of the Arm, Shoulder and 
Hand (DASH)(16) outcome measure, enabling faster measurement while maintain-
ing its internal consistency and inter-rater reliability (Cronbach’s alpha of 0.92 and an 
intraclass correlation coefficient of 0.94) (17). The QuickDASH has been validated in a 
normative population and a variety of conditions and is completed more often than the 
DASH(18). The QuickDASH consists of 11 items to measure physical function, symptoms 
and its consequences on daily life, scored from 1-5. At least 10 of the 11 items must be 
completed for a score to be calculated. The assigned values for all completed responses 
are averaged and then transformed to a score from 0 to 100 by subtracting 1 from the 
average score and multiplying this by 25. A higher score indicates greater upper ex-
tremity disability. The minimal clinically important difference (MCID) score that would 
correspond to a change in clinical status appreciated by the patient(19) varies between 
8(20) and 14(21) points for the QuickDASH.
The Cold Intolerance Symptom Severity (CISS) is a validated questionnaire to detect the 
occurrence of cold intolerance(22). Cold intolerance is defined as abnormal pain of the 
hand and fingers after exposure to mild or moderate cold. It is associated with signifi-
cant functional impairment and reduced health related quality-of-life and may seriously 
influence patients’ daily life(23). It is a common consequence of a variety of diseases 
and injuries of the upper extremity, especially when neurovascular structures are in-
volved(24-26). The CISS questionnaire consists of 6 questions, which has been validated 
in a variety of upper extremity injuries(26) and a normative control group(27). Based on 
the range of normative values, a patient with a score of 30 or higher has pathological 
cold tolerance(27). In this study, we used the Dutch version of the QuickDASH(28) and 
CISS(27).
At 30-days follow-up patients were asked to describe any procedure related extremity 
complaints or loss of function.
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data collection

Clinical and procedural characteristics were recorded and prospectively entered into a 
dedicated electronic database. Before each procedure, capillary refill, pulsations (good-
moderate-poor-no) and vascular communication was assessed by a trained research 
nurse or physician assistant. Vascular communication was tested with the Allen test(29) 
in institution A and by plethysmography (Barbeau test)(30) in institution B. The Allen 
test was defined as abnormal if the maximal palmar blush was achieved 10 seconds 
after compression release. Plethysmography was recorded at the thumb before and 
immediately after radial artery compression and divided into 4 types (A-D) as previ-
ously described(30). The reverse Barbeau test (with compression of the ulnar artery) 
was performed before discharge to test the vascular patency of the radial artery(31). We 
considered the (reverse) Barbeau test to be abnormal in case of type C and D, represent-
ing suboptimal (collateral) or no blood supply to the thumb. Capillary refill was defined 
as abnormal when the time for colour return of the nail bed was more than 2 seconds 
after pressure removal.
The occurrence of clinical radial artery spasm (rAS) was evaluated during the procedure. 
rAS was defined as persistent forearm pain, pain response to catheter manipulation, pain 
response to sheath withdrawal, difficult catheter manipulation after being “trapped” by 
radial artery and considerable resistance on withdrawal of the sheath. Patients who had 
at least 2 of the 5 signs were diagnosed as rAS(32). The amount of self-reported pain was 
measured by the Visual Analog Scale (VAS) from 0-10 (“no pain at all” has been scored 
as 0 and “unbearable pain” as 10) at the end of the procedure and before discharge. The 
pain score was considered as abnormal in case of moderate to severe pain (VAS > 5).

endpoints

The primary endpoint was defined as the change in upper extremity function from 
baseline to 30-day follow-up, as assessed by the QuickDASH score. The change in cold 
intolerance, as assessed by the CISS score, and the occurrence of other procedure related 
symptoms were considered as secondary endpoints.

sTATIsTICAl AnAlYsIs

Continuous variables are presented as mean ± standard deviation and categorical vari-
ables are expressed as percentages. Comparisons among clinical and procedural char-
acteristics in patients undergoing Tr access or TF access were performed using Pearson’s 
Chi-Square test for categorical variables and independent-samples T-test for continuous 
variables. The Kolmogorov-Smirnov Test was used to test for a normal distribution of the 
variables in our study population. The non-parametric Wilcoxon signed-rank test was 
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used to assess the change of upper extremity function and cold intolerance over time. 
The Mann-Whitney U test was used to compare the scores of the QuickDASH and CISS 
(non-parametric continues variables). Logistic regression analyses were applied to test 
the relation between the applied access route and the development of cold intolerance 
or loss of upper extremity function. Logistic regression analyses were also used to test 
the association between vascular communication or patency and clinical relevant loss of 
upper extremity function or development of pathological cold intolerance.
All statistical tests were two-tailed, and a p-value of <0.05 was considered statistically 
significant. All statistical analyses were performed with SPSS for Windows version 22.0 
(SPSS, Inc., Chicago, Illinois).

ResulTs

study population

A total of 352 patients were prospectively enrolled between january 2013 and February 
2014. Complete 30-day follow-up was present in 338 patients and Tr access was applied 
in 85% (n= 286). The mean age of the study population was 64 years and 72 % was male.
Clinical and procedural characteristics are presented in Table 1. Patients undergoing 
procedures with femoral access more often had prior CABG and longer procedures. All 
other characteristics were the same between both access routes. rAS occurred in 11 % 
of all Tr procedures.

upper limb function and symptoms

At baseline, QuickDASH scores were significantly higher in females and elderly patients, 
representing a worse upper extremity function. The median QuickDASH score was 2.27 
(IQr: 0.00-11.36) for males and 9.09 (IQr:2.27-25.00) for females (p < 0.001). In elderly 
patients (≥ 75 years) the median QuickDASH score was 9.09 (IQr: 2.27-18.18) and 2.39 
(IQr: 0.00-13.64) for patients under the age of 75 years (p-value 0.015). The QuickDASH 
score was not different for both access groups (p-value 0.28).
Figure 2a shows the scores of the QuickDASH at baseline and follow-up. No significant 
change in upper limb function could be observed when coronary procedures were 
performed through the radial artery (baseline 4.55; IQr 0.00-13.64, follow-up 2.27; IQr 
0.00-9.32). Similarly, no change in upper limb function was reported when patients were 
treated via the femoral artery (baseline 6.82; IQr 0.00-17.61, follow-up 5.68; IQr 0.00-
13.64). The distribution of the change in QuickDASH score was the same across both 
access groups (p-value 0.95). These findings underscore the fact that access strategy did 
not impact post-procedural upper limb function. The applied Tr access technique was 
not associated with an increased QuickDASH score (Hr 1.32, 95% CI: 0.71-2.45, p= 0.38).
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Table 1. Clinical and procedural characteristics stratified by access site

Radial femoral p-value

(n= 286) (n=52)

Demographic characteristics

Age (years) 64 ± 9 64 ± 10 0.95

Male, n (%) 207 (72) 36 (69) 0.64

Cardiovascular history

Previous MI, n (%) 78 (27) 21 (40) 0.06

Previous CABG, n (%) 9 (3) 14 (27) < 0.01

Previous PCI, n (%) 93 (33) 22 (42) 0.17

Peripheral artery disease, n (%) 16 (6) 8 (15) 0.01

Previous radial access (%) 120 (42) 23 (44) 0.76

Previous femoral access (%) 95 (33) 27 (52) 0.01

Cardiovascular risk factors

Current smoking, n (%) 52 (18) 5 (10) 0.13

Hypertension, n (%) 155 (54) 28 (54) 0.96

Hypercholesterolemia, n (%) 117 (41) 30 (58) 0.03

DM, n (%) 35 (12) 7 (14) 0.81

BMI (kg/m2) 28 ± 4 27 ± 4 0.17

Indication procedure

Stable CAD, n (%) 248 (89) 43 (83) 0.44

Medication

Aspirin, n (%) 223 (78) 42 (81) 0.65

P2Y12 inhibitor, n (%) 135 (47) 32 (62) 0.06

Oral anticoagulant, n (%) 39 (14) 5 (10) 0.43

ACe-inhibitor/AT II antagonist, n (%) 165 (58) 33 (64) 0.44

Beta-blocker, n (%) 192 (67) 38 (73) 0.40

Statin, n (%) 226 (79) 39 (75) 0.52

Nitrate, n (%) 100 (35) 18 (35) 0.96

Diuretic, n (%) 64 (22) 9 (17) 0.41

Calcium channel blocker, n (%) 85 (30) 15 (29) 0.90

Procedure

SBP (mm Hg) 139 ± 22 134 ± 19 0.09

DBP (mm Hg) 77 ± 11 76 ± 11 0.91

PCI, n (%) 178 (62) 34 (65) 0.67

Procedural time, (min) 48 (30) 64 (30) < 0.01

Procedural succes, n (%) 270 (94) 48 (92) 0.56

rAS, n (%) 31 (11)

Complicated procedure, n (%) 8 (3) 2 (4) 0.68

Total heparin dose, Ie (SD) 5437 (1644) 5673 (2806) 0.40

Pain score, VAS (SD) 3 (2) 2 (3) 0.27

Independent-samples T test (* p-value <0.05 was considered statistically significant)
BMI = body mass index, SBP = systolic blood pressure, DBP = diastolic blood pressure, MI = myocardial infarction, 
CABG = coronary artery bypass graft surgery, PCI= percutaneous coronary intervention, DM =diabetes mellitus,
CAD = coronary artery disease, ACE= angiotensin-converting enzyme, AT = angiotensin, VAS = visual analogue 
scale, RAS = clinical radial artery spasm, Complicated procedure was defined and reported by the operator.
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Fig. 3a stratifies the percentage of Tr patients with increased, decreased or unchanged 
QuickDASH scores. When treated through the radial artery, 73 patients (25.5%) showed 
an increase of the QuickDASH score with a median of 6.82 (IQr 4.55-14.77). A decrease 
was present in 105 patients (36.7 %) with a median of 6.82 (IQr 2.39-12.50). The Quick-
DASH score remained unchanged in 108 patients (37.8%). If we applied a minimally clini-
cal important difference (MCID) of 14, 6.3% of the patients would have a clinical relevant 
decrease of the upper extremity function, 7.7 % an increase and 86.0% of the patients 
had no clinical relevant change at all. Fig. 3b. stratifies the percentage of TF patients with 
increased, decreased or unchanged QuickDASH scores. An increased QuickDASH score 
was not associated with the applied access route, irrespective of the implementation of 
MCID cut-off values (MCID=8: p-value 0.58, MCID=14: p-value 0.71, MCID not applied: p-
value 0.94). A decrease of the QuickDASH score was also not associated with the applied 
access route (p-value 0.62, MCID not applied).
Cold intolerance was assessed with the CISS questionnaire. At baseline, significant 
higher CISS scores were present in female patients (p-value < 0.001). The CISS score was 
similar in both access groups (p-value 0.14) and both age groups (elderly vs. non-elderly 
patients, p-value 0.87). CISS scores did not change over time when the procedure was 
performed through the radial artery or femoral artery, as represented in figure 2b. The 
development of pathological cold intolerance (defined as a CISS ≥ 30(27)) was not as-

figure 2a. Upper limb function as assessed with 
the QuickDASH score over time
Box plots show the change of the QuickDASH score 
between baseline and 30-days follow-up for TR and 
TF treated patients. Whiskers represent 5th–95th per-
centiles and p-values were calculated with Wilcoxon 
signed rank test (p-value <0.05 was considered statis-
tically significant). A higher score for the QuickDASH 
indicates worse upper limb function or symptoms

figure 2b. Cold intolerance of the upper extremity 
as assessed with the CISS score over time
Box plots show the change of the CISS score between 
baseline and 30-days follow-up for TR and TF treated 
patients. Whiskers represent 5th–95th percentiles and 
p-values were calculated with Wilcoxon signed rank 
test (p-value <0.05 was considered statistically signifi-
cant).
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sociated with the applied access route (p-value 0.71) and was present in 18 patients after 
Tr access (6.3%) and 4 patients after TF access (7.7%).
A lack of patent dual palmar arch circulation was present in 8.0 %, as assessed with the 
Allen test, and 6.2 %, as assessed with the Barbeau test. Inadequate post-procedural 
patency of the radial artery was present in 6.4 % of the patients, as assessed with the 
reverse Barbeau test. No association could be observed between abnormal vascular 
communication or patency and the loss of upper extremity function (Allen test, p-value 
0.99; Barbeau test, p-value 0.88; reverse Barbeau test, p-value 0.99). The same holds true 
for cold intolerance (Allen test, p-value 0.41; Barbeau test, p-value 0.99; reverse Barbeau, 
p-value 0.35).
Procedure-related extremity complaints were equally reported by patients with Tr 
and TF access (19.6% vs. 17.3 % respectively, p-value 0.70). extremity complaints that 
persisted during 30 days follow-up were also not different between both access groups 
(Tr 10.5%, TF 11.5%; p-value 0.82). Figure 4 shows that pain of the upper extremity was 
the most frequent reported complaint after Tr catheterization that persisted during 30 
days follow-up (4.5%).

figure 3a. Transradial access: The per-
centage of patients with increased, 
decreased or unchanged QuickDASH 
scores stratified by the applied minimal 
clinically important difference
MCID = minimal clinically important dif-
ference

figure 3b. Transfemoral access: The 
percentage of patients with increased, 
decreased or unchanged QuickDASH 
scores stratified by the applied minimal 
clinically important difference
MCID = minimal clinically important dif-
ference
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dIsCussIon

The present study shows that Tr access for percutaneous coronary procedures does not 
affect self-reported upper limb function. The mean score of the QuickDASH as assessed 
pre-procedurally was not different to the score at 30 days follow-up. Although a propor-
tion of patients reported deterioration of upper limb function after Tr access, this was 
not numerically or statistically different in patients with a transfemoral access. Moreover, 
deterioration of upper limb function will not be of clinical relevance in most instances.
Several outcome measures have been proposed to assess upper limb disability(33). The 
Short form health survey (SF-36) is a generic questionnaire that is used for evaluating 
health related quality-of-life after PCI and a variety of cardiovascular disorders(34). How-
ever, this questionnaire is less sensitive to clinical change in patients with complaints 
to a specific anatomic region(35). The QuickDASH score has proven to be a validated 
outcome measure to monitor upper extremity disability for both clinical and research 
purposes. This score with good test-retest reliability is a reliable tool to assess differ-
ence over time in a normative population(18) and a variable number of upper extremity 
conditions(17). In case of Tr catheterization, upper limb function was not jeopardized. 
However, a trend to a lower QuickDASH score was observed at follow-up, which might 
be caused by response bias (36). Patients might report less upper extremity symptoms 
at follow-up when significant CAD has been successfully treated by PCI. This may be 

figure 4a. Procedure related upper extrem-
ity complaints after transradial access

figure 4b. Type of procedure related upper 
extremity complaints that persisted during 
30 days follow-up after transradial access
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supported by the higher PCI rate (69.5 %) in patients with decreased QuickDASH scores, 
though statistical significance was not reached (p-value 0.054). The QuickDASH scores 
in our study population were comparable to that of the general population(37) with 
significant higher scores in females and elderly patients(18,38).
The occurrence of cold intolerance was considered as a secondary outcome, because it 
is associated with significant functional impairment, and that as many as 85% of patients 
with all types of upper extremity injuries complain of some degree of cold sensitivity(25). 
Cold intolerance is mainly present when neurovascular structures are involved, includ-
ing those injuries caused by injection or puncture(25). However, the estimated preva-
lence of cold intolerance highly depends on the method of measuring and defining cold 
intolerance ranging from mentioned symptoms to validated questionnaires(24,27,39). 
The current study used the validated CISS questionnaire(27) and detected no significant 
change over time when catheterization was performed through the radial artery. As a 
reference group we studied the change of cold intolerance in patients with TF access, 
which was unchanged as well. The baseline score for cold intolerance was comparable 
with subjects in a normative population. Further follow-up might be needed, because 
the degree of cold sensitivity increases until 3 months and remains constant thereaf-
ter(25).
The assessment of a patent dual palmar arch circulation is recommended before every 
Tr procedure(40). The Allen test used to be the most applied method for this, however 
plethysmography assessment (Barbeau test) appeared to be more sensitive to evaluate 
the collateral supply(30). In clinical practice both test are not routinely used(41), be-
cause the predictive value for ischemic complications after Tr access is not clear. It was 
demonstrated that patients with an abnormal Allen test showed a significant increase 
in thumb capillary lactate(42). However, a recent publication of the rADAr study group 
demonstrated that no clinical or subclinical sign of hand ischemia was detected in 
patients with abnormal Allen test undergoing Tr catheterization(43). We observed one 
patient with a type D plethysmography test who underwent vascular surgery because of 
radial artery occlusion with ischemic symptoms. In our analysis we could not find a rela-
tion between abnormal vascular communication and the occurrence of upper extremity 
disability (p-value 0.99). It was previously demonstrated that 50-60% of all cases with 
rA occlusion become symptomatic(7). Though, we could not find a relation between 
abnormal vascular patency of the rA and the occurrence of upper extremity disability 
(p-value 0.88). However, we did not confirm every potential radial artery occlusion with 
echo-duplex.
This is the first study that investigated the consequences of Tr access on upper extremity 
function. While previous studies have solely reported about upper extremity complaints, 
complications and quality of life, the primary focus in our study was to evaluate upper 
extremity function. Despite the anatomic and physiologic changes that are induced by 
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radial access, our study demonstrated that patients do not report a significant reduction 
of upper extremity function after Tr catheterization.

limitations

Cohort studies are vulnerable to bias, however the prospective paired design made it 
less prone for bias with respect to the similarity of external variables. Importantly, we 
were not able to include all consecutive patients due to competing studies and logistics. 
Questionnaire bias may affect the outcome by the design of the questions and how 
the questionnaires are administered or completed(36). However, the QuickDASH and 
CISS are both short questionnaires that have been validated for several injuries and 
in a normative population. We observed a good response rate and completion of the 
questionnaires, which supports the proper design of both questionnaires.
Our study results may have been influenced by response bias and additional treatment 
(PCI), as previously mentioned. Bias induced by the interviewer with respect to the study 
hypothesis (“binding”) was not applicable to our study results due to the self-reported 
design. Unfortunately, we were not able to relate upper extremity complaints or func-
tionality to the incidence of rA occlusion at follow-up, since a clinical follow-up visit was 
not mandatory in the present study.

ConClusIons

Our study demonstrated that self-reported upper limb function was not jeopardized 
when coronary catheterizations and interventions were performed through the radial 
artery. The results of our study are of importance to all patients undergoing Tr access, 
especially when optimal upper extremity function is essential.
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AbsTRACT

Aims

Anatomic and physiologic changes that are induced by radial access may lead to a 
decrease of upper limb function at long-term follow-up, however this has never been 
studied. We aimed to study the long-term effect of transradial catheterization on upper 
limb function.

Methods and results

Between january 2013 and April 2014, upper limb function was assessed in a total of 
348 patients with complete 1-year follow-up after coronary catheterization. Upper limb 
function was assessed with the self-reported shortened version of the DASH question-
naire. The presence and severity of upper extremity cold intolerance was assessed with 
the self-reported CISS questionnaire. Both questionnaires were completed before the 
catheterization and at 1 year follow-up. Higher scores represent worse upper limb func-
tionality or symptoms. The nonparametric Wilcoxon signed-rank test was used to assess 
the change of upper limb function and symptoms over time. extremity complaints were 
reported at 1 month and 1 year follow-up.
At 1 year follow-up upper limb function did not change over time when catheterization 
was performed through the radial artery (p-value 0.20). Upper extremity was also not af-
fected by cold intolerance at 1 year follow-up (p-value 0.09). extremity complaints were 
equally reported in both access groups and diminished significantly over time (p-value 
< 0.001).

Conclusions

Upper limb function was not affected at long-term follow-up after transradial proce-
dures.



71

3

InTRoduCTIon

The radial artery is recommended as primary access site for coronary procedures because 
of the lower rate of access related bleedings and possibly lower mortality rate(1-3), cost-
effectiveness(4) and patient preference(5) as compared to access via the femoral artery.
Along with the experience of the operator and improvement of materials and antico-
agulation, complications with transradial (Tr) procedures have decreased over time. 
radial artery occlusion (rAO) is still the most common complication after Tr access(6). 
However, rAO rarely leads to acute ischemic complications due the double circulation 
of the hand and extensive collateralisation(7,8). Still, disabling ischemic hand problems 
have been reported when collateral circulation appeared to be insufficient(9). Insuf-
ficient blood supply may be present in up to 57% of all patients due to incompleteness 
of the palmary arch(10), which may explain symptomatic rAO in a significant amount 
of patients(6). Tr catheterization may also affect non-vascular structures, which can 
potentially lead to complaints and dysfunction of the upper extremity(11). Previously 
we reported that at 1 month follow-up, upper extremity function was not affected after 
Tr access(12). However, upper limb function might still be compromised at a later stage, 
for example by the development of cold intolerance(13), chronic intimal thickening(14) 
and endothelial dysfunction(15). We therefore investigated the self-reported upper limb 
function and cold-intolerance with two validated questionnaires at baseline and 1 year 
follow-up.

MeThods

study design and population

The Assessment of disability after Coronary procedures using radial Access (ACrA) 
study was designed to evaluate the consequence of Tr coronary catheterization on 
upper limb function at 1 month as previously published (12). In the present manuscript 
we present data on the secondary analysis of upper limb function at 1 year follow-up.
The type of vascular access was left to the discretion of the operator, who was blinded to 
all study related tests (including the result of the Allen test). The study protocol was ap-
proved by the local ethics committee. Patients with ST-elevation myocardial infarction 
or hemodynamic instability or not willing or unable to answer the questionnaires were 
not included in the study.
Between january 2013 and April 2014 a total of 348 patients with complete follow-up 
were included (Tr access: n = 300, TF access: n= 48), which may be appreciated in Figure 
1. Follow-up was incomplete or missing in 34 patients. Four of them died before 1 year 
follow-up, 7 patients refused further participation and 22 were non-responders because 
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of incorrect contact information or no response at all, even after several phone calls. 
Before the study was initiated we performed a power calculation(12). We extended 
inclusion for the ACrA study with two months to reach the minimum number of 285 
analysable patients with Tr access at 1 year follow-up, assuming a higher non-responder 
rate at prolonged follow-up.

figure 1. enrolment fl owchart
pts = patients, F-up = follow-up, TF = transfemoral, TR = transradial

data

A dedicated electronic database was used to record the clinical and study related pa-
rameters, that were previously described(12). The QuickDASH is a shortened version of 
the Disabilities of the Arm, Shoulder and Hand (DASH)(16) and was used to compare 
upper extremity functioning at baseline and follow-up, because it is completed more 
often and maintains its internal consistency / inter-rater reliability compared to the full 
version of the DASH(17). The QuickDASH (Appendix 1) has been validated in a variety 
of conditions and a normative population (18). The minimal clinically-important diff er-
ence (MCID) that would correspond to a change in clinical status of upper extremity 
functioning varies between 8 (19) and 14 (20). The Cold Intolerance Symptom Severity 
(CISS) questionnaire (Appendix 2) is a validated method to detect cold intolerance (21) 
after a variety of upper extremity injuries, especially when neurovascular structures are 
involved(22). Cold intolerance is defi ned as abnormal pain of the hand and fi ngers after 
exposure to cold that leads to signifi cant functional impairment (23).
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endpoints

The change of upper extremity function from baseline to 1-year follow-up was assessed 
with the QuickDASH score. A change in cold intolerance was assessed with the CISS score 
at baseline and 1-year follow-up. The amount of procedure related extremity complaints 
during follow-up was compared between transradial and transfemoral treated patients.

statistical analysis

The Kolmogorov-Smirnov Test was used to test the variables in our study sample for nor-
mality. The Wilcoxon signed-rank test was used to assess the change of upper extremity 
function (QuickDASH) and cold intolerance (CISS) over time and the Mann-Whitney U 
test was used to compare these outcome parameters between patient groups (non-nor-
mally distributed continues variables). Logistic regression analyses were applied to test 
the association between the access route and the development of cold intolerance or 
loss of upper extremity function. Logistic regression analyses were also used to test the 
association between vascular communication or patency and clinical relevant loss of up-
per extremity function or development of pathological cold intolerance. Non-normally 
distributed continuous variables are presented as median ± interquartile range (IQr). 
Normally distributed continuous variables are presented as mean ± standard deviation 
(SD) and categorical variables are expressed as percentages. Comparisons among clini-
cal and procedural characteristics were performed using Pearson’s Chi-Square test for 
categorical variables and independent-samples T-test for continuous variables.
All statistical tests were two-tailed, and a p-value of <0.05 was considered statistically 
significant. All statistical analyses were performed with SPSS for Windows version 22.0 
(SPSS, Inc., Chicago, Illinois).

ResulTs

study sample

Between january 2013 and April 2014 a total of 382 patients were prospectively enrolled. 
Complete 1-year follow-up was achieved in 348 patients. Tr access was applied in 300 
patients and TF access in 48 patients (Fig. 1). The mean age of the study sample was 64 
years and 72 % was male.
Clinical and procedural characteristics are presented in Table 1. A history of cardiovascu-
lar disease and hypercholesterolemia was more prevalent in patients with femoral access 
as compared to patients with radial access. Transfemorally (TF) treated patients received 
a P2Y12 inhibitor at baseline more often than patients with Tr access. Procedure times 
were longer in patients with TF access as compared to procedures with Tr access. All 
other characteristics were the same between both access routes. radial artery spasm 
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was present in 12 % of all Tr procedures. radial access failure occurred in 5 patients: 3 
patients converted from the right rA to the left rA, 1 patient converted from the left 
rA to the right rA and 1 patient converted from the right rA to the right femoral artery 
(FA). Femoral access failure occurred in 1 patient and converted from the right FA to the 
left FA.

upper limb function and symptoms

Higher QuickDASH scores at baseline were present in females as compared to males (p< 
0.001), representing a worse upper extremity function. The median QuickDASH score 
was 2.27 for males and 9.09 for females (p < 0.001). The QuickDASH scores at baseline 
were not different between both access groups (p-value 0.35).
The distribution and change of QuickDASH scores for both radial and femoral patients 
can be appreciated in Figure 2. At 1 year follow-up QuickDASH scores were not statisti-
cally changed compared to pre-intervention when procedures were performed through 
the radial artery (baseline median: 2.39, follow-up median: 0.00; p-value 0.20) or femoral 
artery (baseline median: 5.68, follow-up median: 4.55; p-value 0.63). QuickDASH scores 
at 1 month follow-up were available for 344 patients with complete 1 year follow-up. 
The QuickDASH scores at 1 month (median 2.27) and 1 year follow-up were also not 
statistically different (p-value 0.65).

figure 2. Upper limb function as assessed with the QuickDASH score over time
Box plots show the change of the QuickDASH score between baseline and 1-year follow-up for TR and TF treated 
patients. Whiskers represent 5th–95th percentiles and p-values were calculated with Wilcoxon signed rank test 
(p-value <0.05 was considered statistically significant). A higher score for the QuickDASH indicates worse upper 
limb function or symptoms
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Table 1. Clinical and procedural characteristics stratified by access site

  Radial femoral p-value

  (n= 300) (n=48)  

Demographic characteristics  

Age, years (mean ± SD) 64 ± 9 64 ± 11 0.93

Male, n (%) 217 (72) 35 (73) 0.93

Cardiovascular history  

Previous MI, n (%) 75 (25) 21 (44) 0.007

Previous CABG, n (%) 11 (4) 14 (29) 0.004

Previous PCI, n (%) 89 (30) 22 (46) 0.03

Peripheral artery disease, n (%) 16 (5) 8 (17) 0.004

Previous radial access (%) 118 (39) 23 (48) 0.76

Previous femoral access (%) 96 (32) 26 (54) 0.003

Cardiovascular risk factors  

Current smoking, n (%) 48 (16) 6 (13) 0.53

Hypertension, n (%) 163 (54) 26 (54) 0.98

Hypercholesterolemia, n (%) 120 (40) 27 (56) 0.03

DM, n (%) 36 (12) 5 (10) 0.75

BMI, kg/m2 (mean ± SD) 28 ± 5 27 ± 4 0.14

Indication procedure  

Stable CAD, n (%) 253 (84) 39 (81) 0.59

Medication  

Aspirin, n (%) 235 (78) 39 (81) 0.65

P2Y12 inhibitor, n (%) 134 (45) 32 (67) 0.005

Oral anticoagulant, n (%) 36 (12) 5 (10) 0.75

ACe-inhibitor/AT II antagonist, n (%) 172 (57) 31 (65) 0.34

Beta-blocker, n (%) 198 (66) 35 (73) 0.34

Statin, n (%) 235 (78) 37 (77) 0.85

Nitrate, n (%) 105 (35) 17 (35) 0.96

Diuretic, n (%) 67 (22) 7 (15) 0.22

Calcium channel blocker, n (%) 96 (32) 13 (27) 0.50

Procedure  

SBP, mmHg (mean ± SD) 141 ± 23 137 ± 18 0.20

DBP, mmHg (mean ± SD) 77 ± 12 78 ± 12 0.62

PCI, n (%) 184 (61) 32 (67) 0.48

Procedural time (min), median (IQr) 44 (26-60) 61 (42-82) < 0.01

Procedural succes, n (%) 283 (94) 45 (94) 0.87

rAS, n (%) 35 (12)  

Complicated procedure, n (%) 11 (4) 1 (2) 0.58

Heparin dose, Ie (mean ± SD) 5483 ± 1615 5625 ± 2848 0.40

VAS pain score, median (IQr) 2 (1-4) 1 (0-3) 0.16

Independent-samples T test (* p-value <0.05 was considered statistically significant)
BMI = body mass index, SBP = systolic blood pressure, DBP = diastolic blood pressure, MI = myocardial infarction, 
CABG = coronary artery bypass graft surgery, PCI= percutaneous coronary intervention, DM =diabetes mellitus, 
CAD = coronary artery disease, ACE= angiotensin-converting enzyme, AT = angiotensin, VAS = visual analogue 
scale, RAS = clinical radial artery spasm, Complicated procedure was defined and reported by the operator.
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An increase of the QuickDASH score at 1 year follow-up was present in 75 Tr treated 
patients (25.0%) and 15 TF treated patients (31.3%). The type of access route was not 
associated with an increase of the QuickDASH score at 1 year follow-up (Or 0.73, 95% 
CI 0.39-1.42, P= 0.36). A clinical relevant increase of the QuickDASH score at 1 year was 
similar in Tr treated patients (n= 33, 11.0%) and TF treated patients (n=6, 12.5%), consid-
ering a minimal clinically important diff erence of 14 (p=0.76).
Procedure-related extremity complaints were equally reported in both access groups 
during the fi rst month, between 1 month-1 year and after 1 year follow-up (Figure 3). The 
majority of patients did not report procedure related extremity complaints (Tr: 81%, TF: 
79%). extremity complaints diminished over time in both access groups, from 19 % dur-
ing the fi rst month to 3 % after 1 year (p < 0.001) with pain as most common persisting 
complaint (Figure 4). The amount of pain was quantifi ed with the visual analogue scale 
(VAS) during the index procedure (Table 1) and before discharge and was not diff erent 
between both access groups (Tr: 1, IQr: 0-2, TF: 1, IQr: 0-2.25; p-value 0.69).

figure 3. Procedure-related extremity complaints after Tr and TF access (%)

At baseline, female patients had higher CISS scores as compared to men (8, IQr 0-27 
vs. 0, IQr 0-11; p-value 0.001) and were similar in both access groups (p-value 0.43). 
CISS scores did not change over time when the procedure was performed through the 
radial artery (p=0.09) or femoral artery (p=0.29). The median CISS score for Tr treated 
patients was 0 (IQr 0-14) at baseline and 0 (IQr 0-0) at 1 year follow-up. For TF treated 
patients the median CISS score was 0 (IQr 0-31) at baseline and 0 (IQr 0-33) at follow-up. 
Pathological cold intolerance (defi ned as a CISS ≥ 30) developed in 17 patients after Tr 
access (6.3%) and 4 patients after TF access (8.7%). The applied access route was not 
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associated with the development of pathological cold intolerance (Or 0.70, 95% CI 0.23-
2.19; p-value 0.54).
An abnormal Allen test was present in 7.9 %. A type C Barbeau was present in 3.2% and 
a type D Barbeau in 3.6 %. Abnormal post-procedural patency of the radial artery was 
assessed with the reverse Barbeau test, type C was present in 3.2 % and type D in 5.0 %. 
Abnormal post-procedural vascular patency was not associated with the development 
of pathological cold intolerance (p-value 0.99) or loss of upper extremity function at 1 
year follow-up (p-value 0.45).

figure 4. Type of procedure related upper extremity complaints that persisted 1 year after transradial ac-
cess (%)

dIsCussIon

To the best of our knowledge this is the fi rst study that investigated the consequences 
of Tr access on upper extremity function at long-term follow-up. Most attention has 
been given to complications and complaints early after Tr access. However, the primary 
goal of our study was to evaluate the potential change of upper extremity function at 
long-term follow-up.
We demonstrated that patients do not report a signifi cant reduction of upper extrem-
ity function after Tr access over time. The mean QuickDASH score as assessed pre-
procedurally was not diff erent to the score at 1-year follow-up. Deterioration of upper 
limb function was reported by some patients after Tr access. However, deterioration of 
upper limb function was equally reported in patients with TF access and of no clinical 
relevance in most instances(20).
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Acute injuries to the radial artery wall are frequently seen after Tr catheterization(14) 
with intimal thickening and vascular dysfunction as a consequence (24). Concerns 
about the functional consequences of these anatomic and physiologic changes that are 
induced by radial access may partly explain the infrequent adoption of Tr PCI in certain 
parts of the world, like the USA and Middle east(25,26). However, these injuries do not af-
fect post-procedural radial patency and self-reported functional impairment at 1 month 
follow-up (27). recent studies also show that hand grip strength is not reduced after Tr 
access (28), including those patients with rAO(29). Based on previous reports and the 
1-month results from the ACrA study(12), the outcomes of the current study support 
the concept that upper extremity function is unaffected after Tr catheterisation.
Several tests and questionnaires have been developed to assess upper extremity dis-
ability(30-32), incorporating assessment at the level of body functions and structures, 
activities and participation. Careful selection of a specific method to determine general 
hand function is crucial to evaluate the consequences of a specific procedure or dis-
ease. This requires the use of reliable and validated instruments to evaluate changes. 
Furthermore, the setting and context of the study may help determine which test or 
questionnaire should be used, considering the potential functional problems after a 
specific intervention ( i.e. sensibility, strength, pain or mobility). Questionnaires like the 
SF-36 (33) are too generic to evaluate upper extremity function after Tr procedures, 
because they are less sensitive to clinical change in patients with problems in a specific 
anatomic region. We used the QuickDASH score as outcome measure, because it is a 
validated outcome measure to monitor upper extremity disability over time for both 
clinical and research purposes. The QuickDASH score has a good test-retest reliability 
and is a reliable tool to monitor upper extremity over time in a normative population(18) 
and patients with a variable number of upper extremity conditions(17). QuickDASH 
scores in our study sample were comparable to that of the general population(34) with 
significantly higher scores in females(18,35). evaluation of upper extremity function is 
complex and timing of measurements may have significant impact on outcome. For 
example, in the early phase after Tr access, functional impairment will be present in 
most instances because of hematoma, edema or discomfort at the access site. In our 
study group most procedure-related extremity complaints were reported within the 
first month and decreased over time, which supports this concept.
Cold intolerance was also evaluated because as many as 85% of patients with injuries 
to the upper extremity (including injection/puncture) complain of some degree of cold 
sensitivity(13). At 1 month follow-up no increase of cold intolerance could be observed 
after Tr access, as determined with the validated CISS score(36). However, the evaluation 
of cold intolerance at the first month might be too soon because it peaks at 3 months 
and remains constant thereafter(13). The present study showed that at 1 year follow-up 
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CISS scores and the prevalence of pathological cold intolerance were unchanged after 
Tr procedures or TF procedures (as a reference group).
Finally, it is recommended to perform the Allen test or Barbeau test before each Tr 
procedure to evaluate the patency of the palmary arch (37). However, both tests are not 
routinely used before Tr procedures (2) and do not predict ischemic complications. In 
a recent paper patients with an abnormal Allen test did not show clinical or subclinical 
signs of hand ischemia around Tr catheterization(28). In this study, we could not observe 
an association between an abnormal Allen or Barbeau test and the occurrence of upper 
extremity disability. Also, no association was present between abnormal rA patency 
and upper extremity disability or cold intolerance. Our study support the results of the 
recently published Hangar study, that hand strength (as part of upper extremity func-
tion) was unchanged after rAO(29).

limitations

The paired design of this multi-centre prospective study made it less prone for bias with 
respect to the similarity of external variables. However, response bias may have affected 
our study results(38). Abnormal vascular patency of the rA might be miscalculated 
because it was not confirmed with echo-duplex. This study was not powered to evalu-
ate the functional consequences of rAO or in specific patient groups (like females with 
small rA etc.). However, it gives a global impression of the functional consequences of 
upper extremity function after elective Tr procedures.

ConClusIons

Our study demonstrated that self-reported upper limb function at long-term follow-up 
was not jeopardized when coronary catheterizations and interventions were performed 
through the radial artery.



Chapter 3  |  ACrA study

80

RefeRenCes

 1. jolly SS, Yusuf S, Cairns j et al. radial versus femoral access for coronary angiography and 
intervention in patients with acute coronary syndromes (rIVAL): a randomised, parallel group, 
multicentre trial. Lancet 2011;377:1409-20.

 2. Bertrand OF, rao SV, Pancholy S et al. Transradial approach for coronary angiography and in-
terventions: results of the first international transradial practice survey. jACC Cardiovasc Interv 
2010;3:1022-31.

 3. Valgimigli M, Gagnor A, Calabro P et al. radial versus femoral access in patients with acute 
coronary syndromes undergoing invasive management: a randomised multicentre trial. Lancet 
2015;385:2465-76.

 4. Applegate r, Sacrinty M, Schafer P et al. Cost effectiveness of radial access for diagnostic cardiac 
catheterization and coronary intervention. Catheter Cardiovasc Interv 2013;82:e375-84.

 5. Cooper Cj, el-Shiekh rA, Cohen Dj et al. effect of transradial access on quality of life and cost of 
cardiac catheterization: A randomized comparison. Am Heart j 1999;138:430-6.

 6. Uhlemann M, Mobius-Winkler S, Mende M et al. The Leipzig prospective vascular ultrasound 
registry in radial artery catheterization: impact of sheath size on vascular complications. jACC 
Cardiovasc Interv 2012;5:36-43.

 7. rademakers LM, Laarman Gj. Critical hand ischaemia after transradial cardiac catheterisation: an 
uncommon complication of a common procedure. Neth Heart j 2012;20:372-5.

 8. Agostoni P, Zuffi A, Faurie B et al. Same wrist intervention via the cubital (ulnar) artery in case of 
radial puncture failure for percutaneous cardiac catheterization or intervention: the multicenter 
SWITCH registry. Int j Cardiol 2013;169:52-6.

 9. rhyne D, Mann T. Hand ischemia resulting from a transradial intervention: successful manage-
ment with radial artery angioplasty. Catheter Cardiovasc Interv 2010;76:383-6.

 10. Brzezinski M, Luisetti T, London Mj. radial artery cannulation: a comprehensive review of recent 
anatomic and physiologic investigations. Anesth Analg 2009;109:1763-81.

 11. Kanei Y, Kwan T, Nakra NC et al. Transradial cardiac catheterization: a review of access site compli-
cations. Catheter Cardiovasc Interv 2011;78:840-6.

 12. van Leeuwen MA, van Mieghem NM, Lenzen Mj et al. The effect of transradial coronary catheter-
ization on upper limb function. jACC Cardiovasc Interv 2015;8:515-23.

 13. Craigen M, Kleinert jM, Crain GM, McCabe Sj. Patient and injury characteristics in the develop-
ment of cold sensitivity of the hand: a prospective cohort study. j Hand Surg Am 1999;24:8-15.

 14. Yonetsu T, Kakuta T, Lee T et al. Assessment of acute injuries and chronic intimal thickening of the 
radial artery after transradial coronary intervention by optical coherence tomography. eur Heart 
j 2010;31:1608-15.

 15. Okuyan H, Acikgoz SK, Tacoy G, Kocaman SA, Abaci A. effect of transradial coronary angiog-
raphy procedure on vascular diameter and vasodilator functions in the access site. Angiology 
2013;64:515-21.

 16. Hudak PL, Amadio PC, Bombardier C. Development of an upper extremity outcome measure: the 
DASH (disabilities of the arm, shoulder and hand) [corrected]. The Upper extremity Collaborative 
Group (UeCG). Am j Ind Med 1996;29:602-8.

 17. Beaton De, Wright jG, Katz jN. Development of the QuickDASH: comparison of three item-
reduction approaches. j Bone joint Surg Am 2005;87:1038-46.

 18. Aasheim T, Finsen V. The DASH and the QuickDASH instruments. Normative values in the general 
population in Norway. j Hand Surg eur Vol 2014;39:140-4.



81

3

 19. Mintken Pe, Glynn P, Cleland jA. Psychometric properties of the shortened disabilities of the Arm, 
Shoulder, and Hand Questionnaire (QuickDASH) and Numeric Pain rating Scale in patients with 
shoulder pain. j Shoulder elbow Surg 2009;18:920-6.

 20. Sorensen AA, Howard D, Tan WH, Ketchersid j, Calfee rP. Minimal clinically important differences 
of 3 patient-rated outcomes instruments. j Hand Surg Am 2013;38:641-9.

 21. Irwin MS, Gilbert Se, Terenghi G, Smith rW, Green Cj. Cold intolerance following peripheral nerve 
injury. Natural history and factors predicting severity of symptoms. j Hand Surg Br 1997;22:308-
16.

 22. Klocker j, Peter T, Pellegrini L et al. Incidence and predisposing factors of cold intolerance after 
arterial repair in upper extremity injuries. j Vasc Surg 2012;56:410-4.

 23. Koman LA, Slone SA, Smith BP, ruch DS, Poehling GG. Significance of cold intolerance in upper 
extremity disorders. j South Orthop Assoc 1998;7:192-7.

 24. Heiss C, Balzer j, Hauffe T et al. Vascular dysfunction of brachial artery after transradial access 
for coronary catheterization: impact of smoking and catheter changes. jACC Cardiovasc Interv 
2009;2:1067-73.

 25. Caputo rP, Tremmel jA, rao S et al. Transradial arterial access for coronary and peripheral proce-
dures: executive summary by the Transradial Committee of the SCAI. Catheter Cardiovasc Interv 
2011;78:823-39.

 26. Feldman DN, Swaminathan rV, Kaltenbach LA et al. Adoption of radial access and comparison of 
outcomes to femoral access in percutaneous coronary intervention: an updated report from the 
national cardiovascular data registry (2007-2012). Circulation 2013;127:2295-306.

 27. Costa F. rotterdam radial access research: echo-based radial artery evaluation for diagnostic and 
therapeutic coronary procedures: the r-rADAr study. euroPCr 2015 2015.

 28. Valgimigli M, Campo G, Penzo C, Tebaldi M, Biscaglia S, Ferrari r. Trans-radial Coronary Catheter-
ization and Intervention Across the Whole Spectrum of Allen’s test results. j Am Coll Cardiol 2014.

 29. Sciahbasi A, rigattieri S, Sarandrea A et al. radial artery occlusion and hand strength after percu-
taneous coronary procedures: results of the HANGAr study. Catheter Cardiovasc Interv 2015.

 30. Dias jj, rajan rA, Thompson jr. Which questionnaire is best? The reliability, validity and ease of 
use of the Patient evaluation Measure, the Disabilities of the Arm, Shoulder and Hand and the 
Michigan Hand Outcome Measure. j Hand Surg eur Vol 2008;33:9-17.

 31. Hoang-Kim A, Pegreffi F, Moroni A, Ladd A. Measuring wrist and hand function: common scales 
and checklists. Injury 2011;42:253-8.

 32. van de Ven-Stevens LA, Munneke M, Terwee CB, Spauwen PH, van der Linde H. Clinimetric proper-
ties of instruments to assess activities in patients with hand injury: a systematic review of the 
literature. Arch Phys Med rehabil 2009;90:151-69.

 33. van Domburg rT, Daemen j, Morice MC et al. Short- and long-term health related quality-of-life 
and anginal status of the Arterial revascularisation Therapies Study part II, ArTS-II; sirolimus-
eluting stents for the treatment of patients with multivessel coronary artery disease. euroInter-
vention 2010;5:962-7.

 34. Hunsaker FG, Cioffi DA, Amadio PC, Wright jG, Caughlin B. The American academy of orthopaedic 
surgeons outcomes instruments: normative values from the general population. j Bone joint 
Surg Am 2002;84-A:208-15.

 35. jester A, Harth A, Germann G. Measuring levels of upper-extremity disability in employed adults 
using the DASH Questionnaire. j Hand Surg Am 2005;30:1074 e1-1074 e10.

 36. ruijs AC, jaquet jB, Daanen HA, Hovius Se. Cold intolerance of the hand measured by the CISS 
questionnaire in a normative study population. j Hand Surg Br 2006;31:533-6.



Chapter 3  |  ACrA study

82

 37. Hamon M, Pristipino C, Di Mario C et al. Consensus document on the radial approach in percuta-
neous cardiovascular interventions: position paper by the european Association of Percutaneous 
Cardiovascular Interventions and Working Groups on Acute Cardiac Care** and Thrombosis of 
the european Society of Cardiology. euroIntervention 2013;8:1242-51.

 38. Choi BC, Pak AW. A catalog of biases in questionnaires. Prev Chronic Dis 2005;2:A13.



83

3

suPPleMenTAl MATeRIAl

Appendix 1

Please rate your ability to do the following activities in the last week by circling the number below the appropriate response.

NO MILD MODERATE SEVERE UNABLEDIFFICULTY DIFFICULTY DIFFICULTY DIFFICULTY

1. Open a tight or new jar. 1 2 3 4 5

2. Do heavy household chores (e.g., wash walls, floors). 1 2 3 4 5

3. Carry a shopping bag or briefcase. 1 2 3 4 5

4. Wash your back. 1 2 3 4 5

5. Use a knife to cut food. 1 2 3 4 5

6. Recreational activities in which you take some force 
or impact through your arm, shoulder or hand 
(e.g., golf, hammering, tennis, etc.).

1 2 3 4 5

NOT AT ALL SLIGHTLY MODERATELY QUITE EXTREMELY
A BIT

7. During the past week, to what extent has your
arm, shoulder or hand problem interfered with
your normal social activities with family, friends,
neighbours or groups? 

1 2 3 4 5

NOT LIMITED SLIGHTLY MODERATELY VERY UNABLEAT ALL LIMITED LIMITED LIMITED

8. During the past week, were you limited in your
work or other regular daily activities as a result
of your arm, shoulder or hand problem?

1 2 3 4 5

NONE MILD MODERATE SEVERE EXTREME

9. Arm, shoulder or hand pain. 1 2 3 4 5

10. Tingling (pins and needles) in your arm,
shoulder or hand.

1 2 3 4 5

NO MILD MODERATE SEVERE
SO MUCH

DIFFICULTY DIFFICULTY DIFFICULTY DIFFICULTY
DIFFICULTY

THAT I
CAN’T SLEEP

11. During the past week, how much difficulty have
you had sleeping because of the pain in your arm,
shoulder or hand? (circle number)

1 2 3 4 5

A QuickDASH score may not be calculated if there is greater than 1 missing item.

QuickDASH DISABILITY/SYMPTOM SCORE = (sum of n responses) - 1  x 25, where n is equal to the number
of completed responses. n

QuickDASH

Please rate the severity of the following symptoms
in the last week. (circle number)

( )
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Appendix 2

The	CISS	Questionnaire	

Question Score

1.	Which	of	the	following	symptoms	of	cold	intolerance	do	you Not	scored
	experience	in	your	upper	limb	on	exposure	to	cold?

Pain
Numbness
Stiffness
Swelling
Blue	or	white	skin	color	change
(please	specify	limb	site:	rigt	/	left	/	both)

2.	How	often	do	you	experience	these	symptoms?	(please	tick)

Continuously/all	the	time 10
Several	times	a	day 8
Once	a	day 6
Once	a	week 4
Once	a	month	or	less 2

3.	When	you	develop	cold-induced	symptoms,	on	your	return	to	a

	warm	environment	are	the	symptoms	relieved	(please	tick):

Within	a	few	minutes	 2
Within	30	minutes	 6
After	more	than	30	minutes	 10

4.	What	do	you	do	to	ease	or	prevent	your	symptoms	from	occurring?		(please	tick)

Take	no	special	action	 0
Keep	hand	in	pocket	 2
Wear	gloves	in	cold	weather	 4
Wear	gloves	all	the	time	 6
Avoid	cold	weather/stay	indoors	 8
Other	(please	specify) 10

5.	How	much	does	cold	bother	your	hand	in	the	following		situations	(please	score	0–10):

Holding	a	glass	of	ice	water 0-10
Holding	a	frozen	package	from	the	freezer 0-10
Washing	in	cold	water 0-10
When	you	get	out	of	a	hot	bath/shower	with	air	at	room	temperature 0-10
During	cold	winter	weather 0-10

6.	Please	state	how	each	of	the	following	activities	has	been	affected

	as	a	consequence	of	cold-induced	symptoms	in	your	hand,	and	score	each	

(please	score	0–4)

Domestic	chores 0-4
Hobbies	and	interests 0-4
Dressing	and	undressing 0-4
Tying	your	shoelaces 0-4
Your	job 0-4
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AbsTRACT

Aims

To analyse the relation between endothelial dysfunction and the occurrence of radial 
artery spasm (rAS) during transradial coronary procedures.

Methods and results

From May 2014 to june 2015, endothelial function was assessed by endoPAT and FMD 
before the procedure in 165 patients referred for coronary angiography or intervention. 
The primary endpoint was rAS, defined by patient’s symptoms and procedural char-
acteristic. The mean age of the study population was 63 years and 71% was male. In 
total 16% of the patients experienced rAS. The incidence of rAS did not differ between 
patients with and without eD (13.8% versus 20.2%, Or = 0.63, 95 CI: 0.25 - 1.58), p = 0.32). 
The strongest predictors for rAS were a ratio of radial artery inner diameter and sheath 
outer diameter smaller than 1 (Or 4.7, 95% CI: 1.35-16.5, p = 0.009) and a combination 
of clinical characteristics presented as a rAS risk score of at least 4 (p=0.007, Or 3.7, 95% 
CI: 1.37-9.89).

Conclusions

endothelial dysfunction was not found to be a predictor for the occurrence of radial 
artery spasm in an all-comer cohort of patients undergoing elective heart catheterisa-
tion. radial artery-sheath mismatch is the strongest pre-procedural predictor for rAS.
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InTRoduCTIon

radial artery (rA) access has been used for coronary angiography and interventions 
since the late 80’s1,2. As a result of superior haemostasis of the superficial located artery, 
introduction of the transradial approach (TrA) has led to a reduction in access site 
bleeding compared to the femoral approach3,4. One of the drawbacks of this technique 
is the occurrence of radial artery spasm (rAS). This often leads to patient discomfort, 
procedural failure and catheter friction which may lead to intimal wall injury of the radial 
artery5–7. The latter can lead to chronic changes of the vessel wall (intimal thickening) 
and even radial artery occlusion, hampering future procedures8. Some efforts have 
been made to identify predictors of rAS to prevent this complication9–12, however the 
incidence of rAS is still high, varying between 4-20%13.
The endothelium has a strong paracrine function and influences smooth muscle cell 
contraction in the vessel wall. The main characteristic of endothelial dysfunction (eD) is 
reduced production of nitric oxide (NO) by NO synthase (eNOS) and increased NO break-
down by reactive oxygen species14. This situation can result in paradoxical vasoconstric-
tion to several stimuli. endothelial dysfunction can be measured non-invasively and 
predicts future adverse cardiovascular events15,16. Several diagnostic tests are available; 
most of them are based on increased shear stress after post occlusive reactive hyperae-
mia (POrH)17. One of these methods measures reactive hyperaemia in the fingertips by 
peripheral arterial tonometry (PAT) through the endoPAT system (endo-PAT2000; Itamar 
Medical, Caesarea, Israel), which has become widely recognized as a reliable method for 
endothelial function assessment and is a validated predictor for cardiovascular adverse 
events18,19. Because of an elevated vascular tone, eD might be related to arterial spasm. 
Indeed, after TrA transient endothelial dysfunction is detectable20–23, but only one study 
has described eD before TrA as a predictor of rAS24. In this single study only one type of 
endothelial function test was used and rAS was defined as an angiographic endpoint.
We conducted a prospective study to explore the association between eD and a clinical 
definition of rAS in patients undergoing a transradial coronary procedure.

MeThods

study design and population

We conducted this study in a high volume academic PCI center. Patients undergoing 
transradial heart catheterisation were selected for the study. exclusion criteria were 
a) inability to give informed consent; b) acute myocardial infarction; c) hemodynamic 
instability; d) Tr approach within the last 30 days; e) expected transfemoral approach 
(previous coronary artery bypass grafting, chronic total occlusion, patients preference); 
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f ) renal failure with an estimated glomerular filtration rate (eGFr) of < 30 ml/min/1.73m; 
A total of 796 patients referred for elective intervention were screened from May 2014 
to june 2015. One hundred sixty-five patients were eligible; most patients were not in-
cluded because of logistic reasons (ambulance transport schedules to referral centers), 
exclusion criteria and competing studies. After informed consent was obtained baseline 
characteristics were noted and pre-procedural flow mediated dilatation (FMD) of the 
radial artery and endoPAT measurements were performed. endoPAT measurements of 
23 patients were not analysable because of noisy signal quality.
The interventionalist was blinded to all study related tests. The study protocol was ap-
proved by the local ethics committee and performed in accordance with the Declaration 
of Helsinki.

endoPAT measurements

The endoPAT® device (Itamar Medical Ltd, Caesarea, Israel) was used to measure the 
arterial pulse wave amplitude with pneumatic probes placed on the index finger of each 
hand, capable of sensing volume changes in the digit with each arterial pulsation. The 
contralateral hand was used as a reference to correct for potential systemic changes. 
Volume changes in the fingertip were recorded digitally as pulse amplitude and tracked 
over time. Brachial occlusion during 5 minutes was achieved by inflating a blood pres-
sure cuff at the brachium. The rHI (reactive Hyperemia Index) was measured; this is the 
post-to-pre occlusion PAT signal ratio in the occluded side, divided by the same ratio of 
the control arm, and further corrected for baseline vascular tone. A rHI with an outcome 
of < 1.68 was considered as endothelial dysfunction25.

fMd measurements

Measurements for achieving FMD were performed with a dedicated ultrasound machine 
(Sparq, Philips Medical Systems, Andover (MA), USA), using a broadband linear array 
L12-4 transducer. Ultrasound recordings were made in a cross-sectional view at 5 cm 
from the styloid process. After baseline measurement of the rA diameter, recordings 
of the radial artery were made during 2-3 minutes after occlusion by the pressure cuff, 
simultaneously with endoPAT measurements. The maximal diameter at any time follow-
ing the first few minutes after blood flow restoration was recorded. FMD was expressed 
as percentage change in radial artery diameter after cuff deflation, compared with the 
pre-inflation measurement. Measurements were done by a single operator who was 
blinded to procedural outcomes.

Transradial coronary procedure

All patients received local subcutaneous anaesthesia with 1% lidocaine in the relevant 
arm. TrA was achieved with a venous cannula technique, and a 6 French 10 cm-long 
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sheath (Terumo®) was positioned in the radial artery. A standard cocktail of 0.1 mg ni-
troglycerine and 2.5 mg verapamil was given intra-arterially to reduce spasm. In case of 
coronary angiography a standard dose of 5000 IU of unfractionated heparin was given 
intra-arterially for thrombosis prevention. When a PCI was performed the amount of 
unfractionated heparin was adapted to the patient’s body weight. At the end of the 
procedure the sheath was removed, and a Tr band haemostatic device (18 mL Tr band, 
Terumo®) was applied, according to the advised protocol of the manufacturer. Proce-
dure characteristics were scored. After each procedure the operator was asked if there 
was resistance at catheter manipulation or at removal of the catheter or sheath. Patients 
were asked whether they felt pain in the (fore) arm during the procedure. The amount of 
self-reported pain was measured on a Visual Analogue Scale (VAS) from 0-10 (“no pain at 
all” was scored as 0 and “unbearable pain” as 10) at the end of the procedure and before 
discharge. After sheath insertion and before sheath removal, angiography of the radial 
artery was performed to assess the presence of angiographic rAS. Access site complica-
tion was defined as vessel dissection and rupture, a hematoma more than 5 cm, pseudo 
aneurysm, arteriovenous fistulae and localized infection. The procedure was considered 
successful if the target lesion was treated with or without access site conversion.

definitions of radial artery spasm

Clinical rAS was defined as follows: persistent forearm pain, pain response to catheter 
manipulation, pain response to catheter withdrawal, difficult catheter manipulation 
after being “trapped” by radial artery and considerable resistance on withdrawal of the 
sheath. Clinical rAS was present if there were 2 of the 5 parameters. Angiographic rAS 
was defined as follows: the smallest diameter of the radial artery was measured, using 
the edge detection method by catheter calibration (Philips Xcelera 3.2), and compared 
to the same segment in the reference angiography. A reduction in diameter more than 
25% was considered as angiographic radial artery spasm. Combined rAS was defined as 
rAS with angiographic confirmation.

Radial Artery spasm Risk score

A rAS risk score was calculated for all patients. This score was recently published and 
consists of 5 weighed risk factors for radial artery spasm: BMI less than 25 kg/m2 (1 
point), height less than 170cm (1 point), current smoking (2 points), hypertension (2 
points), PAD (3 points). A predefined score of 4 or more is related to high risk of rAS10.

Radial Internal diameter-sheath outer diameter ratio (RAId/sod ratio)

The radial artery internal diameter/sheath outer diameter ratio (rAID/SOD ratio) was 
considered abnormal when smaller than 1.0 26. The baseline FMD radial artery diameter 



Chapter 4  |  ACrA-Spasm study

92

measurement was used as rAID, SOD’s for 5, 6 and 7 fr sheaths (Terumo, radifocus 
Introducer II Transradial Kit) were respectively 2.29, 2.62 and 2.95 mm.

endpoints

The difference in clinical rAS occurrence between patients with and without endothelial 
dysfunction (measured with endoPAT and FMD) was considered as primary endpoint. 
Secondary endpoints were the difference in occurrence of combined rAS in patients 
with and without endothelial dysfunction (measured with endoPAT and FMD)

statistical analysis

Baseline characteristics are tabulated separate for groups with and without clinical 
rAS. Continuous variables are presented as mean ± standard deviation (SD) in case 
of a normal distribution and median (interquartile range, IQr) otherwise. Categorical 
variables are expressed as frequencies (percentages). Continuous baseline characters 
were compared between groups using an independent samples t-test for normally dis-
tributed random variables and Mann-Whitney test for variables that were not normally 
distributed. Normality was assessed using histograms and using estimates for skewness 
and kurtosis. Categorical variables were compared between groups using chi-square 
test. All statistical tests were two-tailed, and a p-value of <0.05 was considered statisti-
cally significant. A multivariate prediction model for occurrence of rAS was build using 
stepwise logistic regression with forward selection. Candidate predictors were defined 
as having a p value < 0.20 in univariate logistic regression analysis. To adhere to the rule 
of thumb of 10 events per variable we restricted the number of predictors to be included 
in the model to a maximum of 3. The predictive value of rHI and FMD (as continuous 
variables) were tested using a rOC analysis. rHI was also tested in a Chi-square using the 
validated cut-off of 1.68. All statistical analyses were performed with SPSS for Windows 
version 22.0 (SPSS, Inc., Chicago, Illinois).

ResulTs

The mean age of the study population was 63 ± 11 years and 71% was male. Sixteen 
percent of the patients experienced clinical radial artery spasm, 27% had angiographic 
spasm. Clinical spasm confirmed by angiography (combined spasm) occurred in 5% 
of the patients. Clinical characteristics stratified to clinical rAS or no clinical rAS are 
presented in Table 1. There were no differences in cardiovascular history, cardiovascular 
risk factors or medication between the 2 groups except for patient height.
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Table 1. Baseline characteristics stratified by occurrence of clinical radial artery spasm.

no RAs
(n=139)

RAs
(n=26)

P-value

Mean age (years) 63 ± 11 61 ± 10 0.31

Male n (%) 102 (73) 15 (58) 0.16

Length (cm) 176 ± 9.2 171 ± 9.0 0.036*

Weight (kg) 84 ± 17.6 81 ± 15.8 0.46

Cardiovascular history

Previous MI, n (%) 27 (19) 4 (15) 0.79

Previous CABG, n (%) 1 (0.7) 0 (0) 1.00

Previous PCI, n (%) 35 (25) 8 (31) 0.63

Peripheral artery disease, n (%) 4 (3) 2 (8) 0.24

Cardiovascular risk factors

Current smoking, n (%) 19 (14) 6 (23) 0.24

Hypertension, n (%) 59 (42) 13 (50) 0.52

Hypercholesterolemia, n (%) 49 (36) 10 (39) 0.83

Familiair history n (%) 54 (39) 15 (58) 0.09

DM, n (%) 24 (17) 5 (19) 0.78

BMI (kg/m2) 27.2 ± 4.5 27.4 ± 4.7 0.99

Medication

Aspirin, n (%) 107 (77) 21 (81) 0.80

P2Y12 inhibitor, n (%) 39 (28) 5 (19) 0.47

Oral anticoagulant, n (%) 19 (14) 7 (27) 0.14

ACe-I/ArB, n (%) 74 (53) 18 (69) 0.20

Beta-blocker, n (%) 103 (74) 17 (65) 0.35

Statin, n (%) 108 (78) 20 (77) 1.00

Nitrate, n (%) 32 (23) 2 (8) 0.11

Diuretic, n (%) 33 (24) 5 (19) 0.80

Calcium channel blocker, n (%) 37 (27) 11 (42) 0.16

BMI = body mass index, MI = myocardial infarction, CABG = coronary artery bypass graft surgery, PCI= per-
cutaneous coronary intervention, DM =diabetes mellitus, CAD = coronary artery disease, ACE= angiotensin-
converting enzyme, ARB = angiotensin receptor blocker, RAS = clinical radial artery spasm, IQr = Inter Quartile 
range, Complicated procedure was defined and reported by the operator
*Statistically significant

Procedural characteristics

The procedure was successful in 98% of the cases. In 3 cases the access site had to be 
converted to the femoral artery; all conversions were related to radial artery spasm. 
Before catheter advancement, 99% of the patients received radial artery cocktail and at 
least 5000 IU heparin. Two patients had an access site complication and 2 other patients 
experienced a procedural complication. Clinical rAS was not related to previous radial 
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artery access, number of punctures, procedural time, contrast use or number of catheter 
changes. Patients in the clinical rAS group experienced significant more pain during the 
procedure using the VAS pain scale (Table 2).

Table 2. Procedural characteristics stratified by occurrence of clinical radial artery spasm

no RAs
(n=139)

RAs
(n=26)

P-value

Previous radial access n (%) 40 (29) 4 (15) 0.23

PCI, n (%) 57 (41) 14 (54) 0.28

Number of punctions, median (IQr) 1 (1-2) 1 (1-2) 0.32

Acces site conversion 0 (0) 3 (12) <0.001*

Catheter change, median (IQr) 1 (1-2) 2 (1-3) 0.21

Procedural time (min), median (IQr) 32 (20-49) 39 (25-50) 0.35

Procedural succes, n (%) 135 (98) 26 (96) 0.50

Complicated procedure, n (%) 1 (1) 1 (4) 0.28

Complication access site 1 (1) 1 (4) 0.28

Contrast amount (ml), median (IQr) 120(90-200) 150(90-200) 0.54

VAS pain score, median (IQr) 0 (0-2) 4.5 (0-7) <0.001*

RAID/SOD ratio = Radial Artery Internal Diameter – Sheath Outer Diameter ratio, PCI = Percutaneous Coronary 
Intervention, VAS = Visual Analogue Scale, IQr = Inter Quartile range
*Statistically significant

Measurements of endothelial function

The median rHI was 2.01 (IQr 1.48 - 2.28) in patients with clinical rAS and 1.75 (IQr 1.44 - 
2.34) without clinical rAS (p=0.56). In univariate logistic regression rHI was not found to 
be associated with presence of clinical rAS (Or = 0.82, 95% CI: [0.71, 2.10], p = 0.46). The 
association was still not significant when the validated cut-off of rHI of 1.68 was used to 
define the presence of eD (Or = 0.63, 95 CI: 0.25 – 1.58, p = 0.32, figure 1). The mean FMD 
in patients with clinical rAS was 12.9% ± 13.8% compared to 13.8% ± 11.2% in patients 
without clinical rAS (p = 0.72). Also, A rOC analysis of FMD and continuous rHI values 
showed poor predictive performance of both tests for occurrence of rAS (AUC = 0.47 
and AUC = 0.55, respectively).

Anatomical measurements

There was a strong relation between mean rAID/SOD ratio and clinical rAS (no clinical 
rAS 0.96 ± 0.20 compared to 0.84 ± 0.17 with clinical rAS p value 0.003), and rAID/SOD 
ratio was a strong predictor when dichotomizing the values using a validated cut-off < 
1.0 (Or = 4.7, 95% CI: [1.3, 16.5], p = 0.01)26.
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figure 1. The Y-axis represents the percentage of patients with radial artery spasm (rAS). The 3 diff erent 
defi nitions of radial artery spasm are represented on the X-axis using 3 sets of bars. The red bar represents 
patients with endothelial dysfunction (eD); the blue bar represents patients without eD. eD is defi ned as a 
rHI value < 1.68.

RAs risk score

The mean rAS risk score was signifi cantly higher in the clinical spasm group (2.5 ± 1.8 
versus 1.8 ± 1.4 in the group without clinical rAS, p = 0.03). When using the pre-defi ned 
cut-off  (4 or more points), there was a good clinical rAS prediction (Or = 3.6, 95% CI: 
[1.4, 9.9], p = 0.01).

Multivariate analysis

Candidate predictors were determined by univariate analysis with p-values < 0.2 (female 
gender, height, family history of CAD, rAS risk score and rAID/SOD ratio). In a forward 
selection of these candidate predictors for logistic multivariate analysis, only rAID/SOD 
ratio and the rAS risk score were found to be signifi cant predictors of spasm. When 
analysed in a multivariate binary regression model, the rAID/SOD ratio <1 was found be 
the strongest predictor of rAS (p-value 0.01; Or = 5.6, 95% CI: 1.5-21.2), followed by the 
rAS risk score (p-value 0.051; Or 3.0, 95% CI 1.0-8.9, see fi gure 2).

secondary endpoints

The secondary endpoints are shown in fi gure 1. endothelial dysfunction could not 
predict angiographic rAS or combined with clinical rAS. We tested rHI, FMD, rAID/SOD 
ratio and rAS risk score for prediction of these two alternative defi nitions of rAS in an 
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univariate and a multivariate analysis, but none of the candidate risk factors were found 
to be signifi cantly associated with these outcomes. Also the baseline and procedural 
variables (see Table 1 and 2) were not signifi cant diff erent except for gender (more fe-
male patients with combined spasm).

dIsCussIon

To our knowledge this is the fi rst study evaluating the relation between rAS and endo-
thelial dysfunction, measured by endoPAT. endothelial dysfunction was not associated 
with the occurrence of rAS and could not serve as a pre-procedural predictor. rAID/SOD 
ratio <1 was the strongest predictor of rAS, followed by the rAS risk score.
recently, one study evaluating patients with proven coronary artery disease reported 
a signifi cant diff erence in pre-procedural FMD when rAS occured24, but we could not 
confi rm this in our cohort, neither when using diff erent outcome defi nitions of radial 
artery spasm. Compared to this study, our population was more heterogenic, consisting 

21 
 

Figure 2.  

 

The X-axis resembles the odds ratios and 95% confidence intervals. FMD = flow mediated dilation, RHI = reactive hyperaemia 

index, RAS = radial artery spasm, RAID/SOD = radial internal diameter/sheath outer diameter. 

 

 

 

 

 

 

figure 2. The X-axis resembles the odds ratios and 95% confi dence intervals. FMD = fl ow mediated dilation, 
rHI = reactive hyperaemia index, rAS = radial artery spasm, rAID/SOD = radial internal diameter/sheath 
outer diameter.
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of patients with and without coronary artery disease. The high mean fl ow mediated 
dilatation may refl ect less endothelial dysfunction in our cohort and this may have in-
fl uenced the outcome. On the other hand, about 40% of these patients were diagnosed 
with eD defi ned by abnormal rHI values, which is similar to studies with comparable 
populations19.
Furthermore, there is no cut-off  value for eD detection measured by FMD. The test re-
sults depend on environmental factors, operator experience, sampled population and 
diff erent techniques 27. We opted for endoPAT as method of eD detection because this 
test is reliable, reproducible and observer independent28,29.
The incidence of rAS reported in studies is highly variable and strongly infl uenced by 
the defi nition of rAS. We chose for clinical rAS as primary endpoint, which is patient 
and operator dependent. Though this is a subjective endpoint, patient discomfort and 
procedural failure are of most clinical importance when rAS occurs. Although evaluat-
ing rAS by angiography may appear as a more objective measurement, angiographic 
spasm is a very common fi nding (up to 75% of the cases) and there is a weak relation 
between angiographic spasm and procedural outcome23.
In our population, rAID/SOD mismatch and rAS risk score were the strongest predictors 
of clinical rAS. The correlation between known predictors of spasm (gender, height, 
weight) and radial artery diameter may indicate that mismatch of sheath size is a more 
important factor of the occurrence of rAS than subtle changes in smooth muscle cell 
function caused by endothelial dysfunction. Mechanical injury of the vessel inner wall 
through sheath insertion and catheter friction due to radial artery-sheath mismatch is 
very common in transradial coronary procedures30. The small impact of endothelial dys-
function compared to mechanical factors to predict rAS is refl ected by the odds ratio’s 
of the diff erent predictors (Figure 2). Operator experience with TrA and volume load 
will minimize catheter manipulation and is known to prevent TrA failure due to rAS31. 
Downsizing coronary catheters and sheaths may further reduce radial artery spasm32. If 
large bore catheters are mandatory for a procedure, pre-procedural risk assessment by 
the rAS risk score and determination of sheath mismatch by ultrasound may identify 
patients at risk and help to choose the most favourable access approach. Such strategy 
to prevent TrA procedural failure and patients discomfort has to be validated in future 
studies.

ConClusIon

endothelial dysfunction was not associated with the occurrence of rAS and could not 
serve as a pre-procedural predictor. However, rAS could be predicted by the validated 
rAS risk score and by radial artery/sheath mismatch.
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Impact on daily practice

eD cannot be used as a predictor of rAS, however other parameters can predict rAS 
(rAID/SOD ratio and rAS risk score).
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AbsTRACT

background

The palmar arches serve as most important conduits for digital blood supply and in-
completeness may lead to digital ischemia when the radial artery becomes obstructed 
after cardiac catheterization. The rate of palmar arch incompleteness and the clinical 
consequences after transradial (Tr) access are currently unknown.

Methods and Results

The vascular anatomy of the hand was documented by angiography in 234 patients 
undergoing Tr cardiac catheterization. In all patients a pre-procedural modified Allen 
test (MAT) and Barbeau test was performed. Upper extremity function was assessed at 
baseline and 2-years follow-up by the QuickDASH.
Incompleteness of the superficial palmar arch (SPA) was present in 46%, the deep palmar 
arch (DPA) was complete in all patients. MAT and Barbeau test results were associated 
with incompleteness of the SPA (p=0.001 and p=0.001). The MAT had a 33% sensitiv-
ity and 86% specificity for SPA incompleteness with a cut-off value of >10 s and a 59% 
sensitivity and 60% specificity with a cut-off value of >5 s. The Barbeau test had a 7% 
sensitivity and 98% specificity for a type D and a 21% sensitivity and 93% specificity 
for type C and D combined. Upper extremity dysfunction was not associated with SPA 
incompleteness (p=0.77).

Conclusions

Although incompleteness of the SPA is common, digital blood supply is always preserved 
by a complete DPA. Pre-procedural patency tests have thus no added benefit to prevent 
ischemic complications of the hand. Finally, incompleteness of the SPA is not associated 
with a loss of upper extremity function after Tr catheterization.
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InTRoduCTIon

The radial artery (rA) is the preferred access site for coronary catheterization and 
intervention, mainly driven by the low number of access-site related complications1. 
rA occlusion is the most frequent complication after radial access and might lead to 
disabling symptoms2 and in rare cases to acute ischemic events3. Besides a network of 
collaterals, digital blood supply is mainly supported by the palmar arches. Incomplete-
ness of the superficial (SPA) and deep palmar arch (DPA) puts patients at an increased 
risk for digital ischemia when the rA becomes occluded or damaged after cardiac 
catheterization.
Non-invasive methods have been recommended to assess the patency of a double pal-
mar arch circulation to prevent ischemic complications of the hand4. The most applied 
is the modified Allen test (MAT)5, though it is more subjective than the Barbeau test6. 
Although both tests are designed to verify dual palmar arch completeness, anatomic 
studies in living patients comparing these tests to actual anatomic variations, are lack-
ing. Most anatomic knowledge comes from post-mortem studies7, describing variable 
rates of SPA and DPA completeness. To understand the clinical relevance of palmar arch 
incompleteness and its relation to commonly used patency tests, we performed a com-
prehensive angiographic study on the anatomy of the palmar vasculature in patients 
referred for transradial (Tr) cardiac catheterization. Anatomy was related to outcome 
of the MAT and Barbeau test as well as to clinical outcome regarding upper extremity 
function at long term follow-up.

MeThods

study design and patient population

Between May 2014 and September 2015, 1195 patients were admitted at the day care 
unit for elective coronary angiography or percutaneous coronary intervention at the VU 
University Medical Center, as represented in the enrolment flowchart (Figure 1). Patients 
were eligible for study participation when the following exclusion criteria were absent: 
a) inability or not willing to give informed consent; b) ST-elevation myocardial infarction 
or hemodynamic instability; c) severe kidney failure with an estimated glomerular filtra-
tion rate of less than 30 ml/min/1.732; d) expected femoral access (i.e. PCI for chronic 
total occlusion). Informed consent was obtained before the coronary procedure. Study 
related measurements (including MAT and Barbeau) were unknown to the treating 
physician. The study protocol was approved by the local ethics committee.
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Aims

The primary objective was to determine the rate of palmar arch incompleteness in pa-
tients undergoing transradial angiography and to compare this to the test results of the 
MAT and Barbeau. The effect of palmar arch incompleteness on digital vascular supply 
and upper extremity function at long clinical follow-up were considered as secondary 
objective.

non-invasive patency tests

Modified Allen Test
The MAT was performed at the day care unit, before radial access. First, simultaneous 
manual compression of both the radial and ulnar artery was performed followed by 
clenching of the hand. Then the patient was asked to open the hand, without hyperex-
tending of the wrist and fingers. The time to reach maximal palmar blush was recorded 
after pressure release of the ulnar artery (UA), while maintaining compression on the rA. 
Patients were categorized according to the MAT result: normal (0-5 s), intermediate (6-10 
s) or abnormal (>10 s)8.

Barbeau Test
The Barbeau test was performed with plethymography. A pulse oximetry sensor was 
clamped to the thumb and tracings were monitored in rest and during compression of 

figure 1. enrolment Flow Diagram
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the rA (Barbeau test)6 or compression of the ulnar artery (reverse Barbeau test)9. Based 
on these tracings, patients were categorized into 4 groups (A-D). In summary; Type A, no 
damping of pulse tracing immediately after compression; Type B, damping of pulse trac-
ing; Type C, loss of pulse tracing followed by recovery of pulse tracing within 2 minutes; 
Type D, loss of pulse tracing without recovery within 2 minutes. The Barbeau test was 
performed before radial access and the reverse Barbeau before discharge to determine 
the occurrence of rA occlusion.

Radial access and angiography of the hand vasculature

radial access was standardly performed with a double wall puncture technique and 
placement of a 6 French 10 cm-long sheath (Terumo®). The site of radial access was left 
to the discretion of the operator. A cocktail of 0.2 mg nitro-glycerine and 5 mg verapamil 
was given intra-arterially followed by 5000 IU bolus of unfractionated heparin. The 
amount of unfractionated heparin was adapted to the patient’s body weight when PCI 
was performed. The introducer sheath was removed at the end of the coronary proce-
dure and a Tr band (Terumo®) was applied per manufacturer’s instructions.
Angiography of the forearm and hand vasculature was performed by manual contrast 
injection via the radial introducer sheath according to a standardised protocol. Image 
acquisition was acquired with a Philips Allura Xper FD10 X-ray system® and was set at 30 
frames/s with a magnification of 25. The detector was first positioned to visualize the 
introducer sheath and the lower arm vasculature. The rA was visualised by retrograde 
contrast injection (Figure 2A). Then, the contrast antegradely filled the ulnar artery and 
the palmar arch circulation, which was also visualised (Figure 2B-C). Image acquisition 
was stopped until the contrast reached the artery of the thumb (Figure 2D). A represen-
tative video is supplemented as an example.

figure 2. Angiography of the vascular hand supply with estimation of collateral flow
Angiography of the forearm and hand vasculature. After retrograde injection into the RA (A), contrast reached 
the UA at the virtual orthogonal axis after 0.93 seconds (B). Contrast reached both palmar arches (C) and sup-
plied all digits, including the thumb (D). The time for contrast to travel between the UA and artery of the thumb 
was 3.60 seconds.
Dig = Digit, DPA = Deep Palmar Arch, SPA = Superficial Palmar Arch, RA = Radial Artery, UA = Ulnar Artery
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Angiographic analyses

The angiograms were reviewed according to a standardised protocol by two researchers 
who were blinded to the clinical data. Angiograms were checked on the presence of pal-
mar arch completeness and anastomotic connections that contributed to digital perfusion 
of the hand (i.e. median artery and arterial collaterals). With a frame counter, flow velocity 
was obtained by calculating the number of frames the contrast needed to reach certain 
predefined anatomical landmarks (Figure 2 A-D): 1. rA (at the level of the radial sheath in-
sertion), 2. UA (at the virtual orthogonal axis of the radial sheath insertion), 3. artery of the 
thumb. Vascular dimensions of the palmar arches and main supplying vessels (trajectory 
of the rA and UA proximal to the predefined anatomical landmark) were obtained with 
quantitative coronary angiography, using the edge detection method of Philips Xcelera 
3.2 (Philips Medical Systems, eindhoven, The Netherlands). Angiographic and clinical data 
were prospectively collected and stored in a dedicated electronic database.

definition of palmar arch completeness

Completeness of the palmar arches was based on a previous anatomic publication that 
determined the safety of radial artery harvest10. The SPA was defined as complete when it 
directly supplied all digits, including the ulnar side of the thumb. The DPA was defined as 
complete when the distal part of the deep palmar branch of the rA was connected with 
the deep palmar branch of the UA10. Figure 3 schematically displays how we categorized 
the potential variants of the palmar arches with respect to completeness.

upper extremity function and cold intolerance

The QuickDASH questionnaire was used to assess upper extremity function at baseline 
and follow-up11. A higher score indicates more upper extremity dysfunction. A minimal 
clinically-important difference (MCID) of 14 was used to determine the change in clinical 
status of upper extremity functioning12. The validated Cold Intolerance Symptom Severity 
(CISS) questionnaire was applied at baseline and follow-up to detect cold intolerance13. 
Cold intolerance is defined as abnormal pain of the hand and fingers after exposure to 
cold that leads to significant functional impairment14, which commonly occurs after a va-
riety of upper extremity injuries.15. Pathological cold intolerance is defined as CISS ≥ 3016. 
An example of the QuickDASH and CISS questionnaire has been previously published17.

statistical analysis

Continuous variables are presented as mean ± standard deviation in case of a normal 
distribution and median plus inter-quartile range (IQr) otherwise. Categorical variables 
are expressed as percentages. Categorical variables were compared between groups us-
ing the Chi-Square test. The Fisher’s exact test was used for categorical variables when the 
total number of observed counts was less than 10. Means of continuous variables were 
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compared between groups using independent sample t-test when data was normally 
distributed and Mann-Whitney U test when this was not the case. Odds ratios were calcu-
lated from a logistic model. Sensitivity of the MAT and Barbeau test for incompleteness of 
the SPA was calculated with angiographic assessment of palmar arch completeness as the 
gold standard. Sensitivity and specificity of both tests was represented graphically for dif-
ferent cut-offs in a receiver operating characteristic (rOC) curve and the areas under the 
curve (AUC) were reported as a measure of discriminative ability. All statistical tests were 
two-tailed, and a p-value of <0.05 was considered statistically significant. All statistical 
analyses were performed with SPSS for Windows version 22.0 (SPSS, Inc., Chicago, Illinois).

figure 3. Schematic categorisation of palmar arch completeness
The DPA was defined as complete when the distal part of the deep palmar branch of the RA was connected with 
the deep palmar branch of the UA (A). The SPA was defined as complete when it directly supplied all fingers, 
including the ulnar side of the thumb (B). The dotted line represents the superficial palmar branch of the RA.
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ResulTs

study population

Between May 2014 and October 2015, 261 patients were screened for study participa-
tion and 934 patients were not assessed for eligibility because of logistics (Figure 1). 
Patients were mainly excluded from study participation because of anticipated femoral 
access (n=18). Two patients declined to participate. The study population consisted of 
234 patients with a mean age of 63 years. Clinical and procedural characteristics are 
presented in Table 1. radial access was achieved in all patients. The MAT and Barbeau 
test was performed in all study participants and the test results are specified in Table 2.

Table 1. Patient and procedural characteristics

demographic characteristics

Age 63 ±11

Male 164 (76%)

Height (cm) 175 ±8

Weight (kg) 85 ±17

Cardiovascular history

Previous MI 46 (21%)

Previous PCI 62 (29%)

Previous CABG 2 (1%)

Peripheral artery disease 10 (5%)

Previous radial access 84 (39%)

Previous femoral access 51 (24%)

Cardiovascular risk factors

Current smoking 38 (18%)

Hypertension 112 (52%)

Hypercholesterolemia 87 (41%)

DM 45 (21%)

BMI (kg/m2) 27 (24-30)

Family history CVD 75 (36%)

Procedure

PCI 101 (47%)

Procedural time (min) 34 (20-50)

Procedural success 210 (98%)

radial artery spasm 32 (15%)

Pain score (VAS) 0 (0-3)

BMI = body mass index, DM = diabetes mellitus, MAT = Modified Allen Test, MI = myocardial infarction, PCI = 
percutaneous coronary intervention, VAS = visual analogue scale
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Angiography of the vascular hand supply

Angiography of the vascular hand supply was performed in all study participants with-
out complications and analysable in 215 patients (92%). exclusion from analysis was 
caused by suboptimal contrast filling (n=9) or incomplete angiographic visualisation 
of the superficial palmar arch (n=10). exclusion from analysis was similar in each MAT 
group (abnormal 9 %, intermediate 8%, abnormal 6%, p=0.78).
The angiographic characteristics of the vascular hand supply are presented in Table 3. 
Incompleteness of the SPA was present in 46% and incompleteness of the DPA was not 
observed in our population. Angiographic examples of a complete and incomplete SPA 
are exhibited in the supplemental material (Figure A and B). Next to the palmar arches, 
vascular supply of the hand was supported by alternative arterial connections. Interos-
seous collateral arteries connecting distal to the occluded rA were observed in 54% 
and a persistent median artery in 6% of patients. Anastomoses between the SPA and 
DPA were visualised in 49% and the SPA connected to the rA in 36% of patients via the 
superficial palmar branch of the rA. A patient example with recruitment of interosseous 
collateral arteries is exhibited in the supplemental material (Figure C).

Table 2. Non-invasive characteristics of the vascular hand supply

MAT (n=234)

Normal (0-5 s) 52%

Intermediate (6-10 s) 26%

Abnormal (>10 s) 22%

barbeau (n=234)

Type A 36%

Type B 51%

Type C 9%

Type D 4%

MAT = Modified Allen Test

Table 3. Invasive characteristics of the vascular hand supply

Palmar arch incompleteness (n=215)

SPA 46%

DPA 0%

SPA and DPA 0%

Additional arterial connections

Interosseus collateral arteries 54%

Persistent median artery 6%

SPA-DPA anastomoses 49%

SPA-rA connection 36%

SPA = Superficial Palmar Arch, DPA = Deep Palmar Arch, RA = Radial Artery
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The mean diameters of the palmar arches and main supplying vessels were: SPA 1.78 
mm (±0.4), DPA 1.29 mm (±0.3), UA 2.35 mm (±0.5) and rA 2.57 mm (±0.4). The UA was 
larger than the rA in 30% of patients. In Table 4 the vascular dimensions were stratified 
for palmar arch completeness and showed a larger UA and SPA in patients with com-
pleteness of the SPA (p=0.002 and p<0.001 resp.). In contrast, the rA was larger in case of 
incompleteness of the SPA (p=0.017) with more recruitment of interosseous collaterals 
(65% vs, 44%, p=0.002). The mean DPA diameter was also larger in patients with SPA 
incompleteness, albeit non-significant (p=0.17). However, the minimum DPA diameter 
was significantly larger in patients with incompleteness of the SPA (0.26 mm vs. 0.23 
mm, p=0.022).
In the overall patient population blood supply to all digits was maintained during occlu-
sive radial access. Patients with incompleteness of the SPA showed a trend for delayed 
perfusion of the thumb along the collateral pathway (UA-Dig1, p=0.08). The time for 
contrast to travel between the rA and UA was similar in patients with and without com-
pleteness of both palmar arches (p=0.22), as represented in table 4.

Correlation between angiographic and non-invasive assessment of the palmar 
arches

The distribution of SPA incompleteness within the MAT and Barbeau test is represented 
in Figure 4A. The proportion of SPA incompleteness was highest in patients with an 

Table 4. Vascular and flow characteristics of the hand supply stratified for palmar arch completeness

Palmar arch completeness

p-value
Yes
N=117

No
N=98

Vascular dimensions (mm)

rA 2.51 (±0.4) 2.64 (±0.4) 0.017

UA 2.45 (±0.5) 2.23 (±0.4) 0.002

SPA 1.87 (±0.4) 1.66 (±0.4) <0.001

DPA 1.27 (±0.3) 1.32 (±0.3) 0.17

Vascular characteristics

SPA-DPA connection 53% 47% 0.38

SPA-rA connection 59% 8% <0.001

Distal interosseus collaterals 44% 65% 0.002

Persistend median artery 3% 9% 0.08

Collateral flow (seconds)

UA-Digit 1 3.8 (3.0-5.2) 4.6 (3.4-5.9) 0.08

rA-UA 1.1 (0.8-1.6) 1.3 (0.9-1.8) 0.22

Palmar arch completeness = completeness of SPA and DPA
DPA = Deep Palmar Arch, MAT = Modified Allen Test, SPA = Superficial Palmar Arch
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abnormal pre-procedural MAT and was subsequently smaller in patients with an inter-
mediate and normal MAT (p-trend=0.001). Patients with an abnormal MAT result have a 
3 times higher probability for SPA incompleteness (Or 3.1, 95% CI 1.6- 6.0, p=0.001) and 
patients with a normal MAT have a 2 times higher probability for SPA completeness (Or 
2.2, 95% CI 1.3-3.7, p= 0.006). Similarly, the highest proportion of SPA incompleteness 
was observed in patients with a type D Barbeau and subsequently smaller in patients 
with a type C, B and A test result (p-trend=0.001). Patients with an abnormal Barbeau 
test (type C+D) have an almost 4 times higher odds of SPA incompleteness (Or 3.7, 95% 
CI 1.6- 8.8, p=0.003) and patients with a type A Barbeau have a 2 times higher odds of 
SPA completeness (Or 2.0, 95% CI 1.1-3.6, p=0.02).
The rOC curves of the MAT and Barbeau test with the AUCs are represented in Figure 
4b. When considering maximal palmar blushing after >10 seconds as a positive test 
for palmar arch incompleteness, 66 patients had a false negative MAT result and 16 
patients a false positive MAT result, resulting in a sensitivity of 33%, specificity of 86% 
and diagnostic accuracy of 62%. If we applied > 5 seconds as cut-off value, the MAT had 
a sensitivity of 59%, specificity of 60% and diagnostic accuracy of 60%. For the Barbeau 
test the sensitivity was 7%, specificity 98% and diagnostic accuracy 57% if we considered 
a type D as a positive test result for palmar arch incompleteness. If we regarded a type 
C+D Barbeau as a positive test result, this would give a sensitivity of 21%, specificity of 
93% and diagnostic accuracy of 60%.

figure 4. Association between SPA incompleteness and non-invasive patency tests
MAT = Modified Allen Test, SPA = Superficial Palmar Arch
*p-value was calculated with a test for trend
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functional consequences of palmar arch incompleteness

The QuickDASH and CISS questionnaire were obtained in all patients at baseline and 
in 83% of patients at long-term follow-up (median 24 months, IQr 20-29). The reasons 
for absent follow-up were a) loss to follow-up n=26, b) death n=7, c) refused further 
participation n=5, d) cognitive dysfunction n=1.
At long-term follow-up, QuickDASH scores greater than zero were equally present in 
patients with and without SPA incompleteness (31% and 25%, p=0.35). The proportion 
of patients in which QuickDASH increased between baseline and follow-up did not dif-
fer between patients with a complete and incomplete SPA (15% vs 14% respectively, 
p=0.81). When we applied a MCID of 14 for the QuickDASH score, no association was 
found with SPA incompleteness (Figure 5). The CISS score increased in 14% of patients 
with complete palmar arches as compared to 16% of patients with SPA incompleteness 
(p=0.69). The number of patients who developed pathological cold intolerance at long-
term follow-up was also not statistically different between both groups (Figure 5). A 
reverse Barbeau type D was present in 4.9% of patients at discharge (representing rA 
occlusion). In this subset of patients, incompleteness of the SPA was present in 75% 

figure 5. Loss of upper extremity function and development of pathological cold intolerance, specified for 
palmar arch completeness
Palmar arch completeness = completeness of the SPA and DPA
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and digital supply was supported by interosseous collateral arteries in 63%, inter palmar 
arch connections in 63% and SPA-rA connection in 13 %. Clinical relevant loss of up-
per extremity function and the occurrence of pathological cold intolerance were not 
reported in this subgroup of patients at long-term follow-up.

dIsCussIon

This is the first study evaluating the anatomy of the palmar arch circulation with angiog-
raphy in patients undergoing Tr cardiac catheterization and its relation with commonly 
used non-invasive patency tests. The most important findings of our study are: 1. digital 
vascular supply is always preserved during occlusive radial access, irrespective of the 
anatomic variations and results of non-invasive patency tests. 2. The MAT and Barbeau 
test have a low diagnostic accuracy for palmar arch incompleteness, mainly due to the 
poor sensitivity. 3. Long-term functional outcome of the upper extremity after Tr access 
is not related to the palmar vascular anatomy.
Most knowledge about the vascular anatomy of the hand comes from post-mortem 
studies7. Blood is supplied to the hand by a dense anastomotic network of arches 
with highly variable patterns, developed during the embryological phase. The most 
important connections are the SPA and DPA, because of their major role with respect 
to digital blood supply. The DPA is formed by the terminal part of the rA and the SPA 
is a continuum of the UA. With different visualization techniques (i.e. gross dissection18, 
latex injection19) and anatomic classifications, highly variable completeness rates were 
reported for both palmar arches7. DPA completeness was present in our complete 
cohort and completeness of the SPA was present in 54%, which falls into the range of 
previous reported anatomic data (DPA 67-100% and SPA 43-97%)7. Palmar arch com-
pleteness was classified according to a previous described method that determined the 
safety of radial harvest10. We applied this particular classification method because it was 
designed to identify those patients at risk for digital ischemia when the radial artery 
becomes compromised, such as the presence of an incomplete SPA and DPA in the same 
hand. Combined incompleteness of the palmar arches has never been reported in the 
literature to our knowledge10, which is in accordance with our study results. This is of 
major clinical importance, because patients with this anatomical variant are potentially 
at the largest risk of developing ischemic complications in case of rA occlusion. And 
even though the SPA did not facilitate the arterial supply of the thumb in approximately 
half of our patients, perfusion of the thumb was still covered by the DPA during radial ac-
cess. In contrast to our study, few cases with DPA incompleteness have been reported in 
post-mortem studies7. However, in this subset of patients we do not expect an increased 
risk for digital ischemia or long-term complications, because digital blood supply is 
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maintained by a dominant SPA, as represented in figure 3. In a large number of patients, 
digital blood supply was further supported by anastomotic connections between the 
palmar arches, a superficial palmar branch of the rA and a persistent median artery. 
Normally the median artery ceases to exist during the embryological phase in about 
90% of patients. Though, when the median artery persists it connects with the SPA 
circulation in about 5% of patients, which is in accordance with our study results20. In 
contrast to post-mortem studies, we were able to visualize collaterals with angiography 
that were probably recruited at the time of functional occlusion of the rA. recruitment 
of collateral arteries to augment digital blood supply was more frequently observed in 
patients with SPA incompleteness as a natural compensatory mechanism.
In clinical practice, the presence of palmar arch incompleteness is considered a major 
contraindication for radial harvest21. Non-invasive tests to assess palmar arch complete-
ness have therefore been strongly recommended to prevent ischemic complications of 
the hand. The implementation of these tests has also been advocated before Tr pro-
cedures4, since rA occlusion is the most frequent reported complication (up to 30%2) 
and might lead to ischemic events3. The MAT is the most applied test, though prone 
to subjectivity and without a clear consensus regarding the optimum cut-off point22. 
Plethysmography with the application of the Barbeau test has been considered as a 
more sensitive tool with the ability to evaluate collateral recruitment6. However, the 
application of both tests has not resulted in preventing acute ischemia of the hand23, as 
it has been reported in patients with and without abnormal pre-procedural patency test 
results. Also when patients were subjected to Tr cardiac catheterisation, capillary thumb 
lactate levels did not differ across the whole spectrum of MAT results8. We here show that 
the MAT did not perform satisfactory to detect palmar arch incompleteness. Although 
the sensitivity increased from 33% to 59% when we applied a cut-off value of >5 sec 
(instead of > 10 sec), the specificity dropped from 86% to 60%, resulting in a similar 
poor diagnostic accuracy. The Barbeau test also performed poorly to assess palmar arch 
incompleteness. Probably, pre-procedural testing with the MAT and Barbeau should be 
abandoned to prevent acute ischemic events of the hand. Both tests will only lead to 
false exclusion from Tr procedures and sub sequentially to more access related bleeding 
complications when femoral access is used as alternative. In this respect it should be 
mentioned that acute ischemia of the hand is an extremely rare complication3. Arterial 
wall trauma with thrombo-embolic phenomena to the digital arteries or palmar arch 
circulation is probably the main underlying mechanism of acute hand ischemia after 
Tr access 3, 24, 25. Therefore, optimal anticoagulant therapy and meticulous access tech-
niques remain paramount to prevent ischemic complications.
Nonetheless, upper extremity complaints have been reported in up to 50% of pa-
tients after rA occlusion2 and ischemia has been described after radial harvest when 
subjected to manual stress26. It is reasonable to think that patients with palmar arch 
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incompleteness and a poor compensatory collateral network may develop symptoms 
and dysfunction of the hand. In patients with SPA incompleteness we observed delayed 
perfusion of the thumb, albeit non-significant. The thumb is considered as the most 
important digit with respect to hand function and inadequate perfusion may be more 
pronounced during exercise which might lead to disabling ischemic symptoms. It was 
previously shown that hand function was deprived one month after radial access when 
patients had a lower Nexfin derived collateral flow index of the thumb27. However, we 
observed that pathological cold intolerance and a clinical relevant reduction of upper 
extremity function were similarly reported in patients with and without palmar arch 
incompleteness at long-term follow-up. In addition, in patients with rAO at discharge 
palmar arch incompleteness was also not related with a loss of upper extremity function 
at long-term follow-up. This suggests that anatomical and physiologic changes after 
radial access might lead to a transient upper extremity dysfunction in patients with a 
less developed collateral system. Our findings are similar with those after radial artery 
harvest, reporting no clinical relevant reduction of blood flow and function of the fore-
arm 3 months post-surgery28. Furthermore, tissue oxygen saturation and tissue capillary 
blood flow remained unchanged 2 days after radial artery harvest, while both param-
eters were deprived during radial artery compression before surgery 29. This suggests 
that compensatory mechanisms of the collateral vascular network act rather quickly to 
maintain digital perfusion when the rA becomes compromised. However, future studies 
are needed to assess the functional consequences of rAO when patients are subjected 
to manual stress.
In conclusion, the palmar arches preserve digital blood supply in all patients during ra-
dial access. While incompleteness of the SPA is common, incompleteness of the DPA was 
non-existing in our patient cohort. The presence of SPA incompleteness is not related 
with upper extremity dysfunction after Tr access at long-term follow-up. The MAT and 
Barbeau test have a poor ability to detect SPA incompleteness.

limitations

We were not able to include all consecutive patients due to competing studies and 
logistics. However, patient characteristics11 and non-invasive test results 30 of our study 
population suggest adequate external validity, which is supported by similar charac-
teristics in the complete consecutive patient cohort (supplementary Table A). Although 
we were not able to visualize the palmar vasculature in all patients, we think that this 
did not influence our study results because of the similar distribution within each MAT 
group. Since this is a single center study from europe with a finite number of patients, 
our anatomical and functional data should be confirmed by other study groups includ-
ing larger number of patients and patients from different ethnic background. Next to 
well validated self-reported outcome measures that evaluate the global functional 
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capacity of the hand and the impact on daily life (i.e. QuickDASH), the addition of more 
objective measures that address specific components of hand function (i.e. hand grip 
test for strength) is encouraged to confirm our data. The application of manual contrast 
injection might have affected our study results regarding the flow characteristics. How-
ever, flow along the collateral trajectory is mainly driven by systemic blood pressure and 
microcirculatory resistance. Based on this report, you might also question the diagnostic 
accuracy of the reverse Barbeau test for the detection of rA occlusion (without ultra-
sound confirmation). A type D reverse Barbeau might also be present in patients with a 
very small non-occluded rA and dominant UA-SPA system, supplying the first digit. In 
addition, assessment of rA occlusion only at discharge is a limitation to our study with 
regard to upper extremity dysfunction at long-term follow-up. Spontaneous recanaliza-
tion occurs in 50-60% of patients within 1 to 6 months and sometimes rA occlusion may 
occur after discharge31.
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suPPleMenTAl MATeRIAl

supplemental figures

figure A. Completeness of the SPA and DPA
Angiography shows completeness of the DPA (* connection between the deep palmar branch of the RA and UA) 
and completeness of the SPA (∆ vascular supply of all digits, including the thumb).
DPA = Deep Palmar Arch, SPA = Superficial Palmar Arch, RA = Radial Artery, UA = Ulnar Artery

figure b. Incompleteness of the SPA and completeness of the DPA
Angiography shows incompleteness of SPA (no vascular supply of the first and second digit) and completeness of 
the DPA (*connection between the deep palmar branch of the RA and UA).
DPA = Deep Palmar Arch, SPA = Superficial Palmar Arch, RA = Radial Artery, UA = Ulnar Artery

figure C. recruitment of collaterals that support digital vascular supply of the hand
Angiography shows a very small UA and incomplete SPA with recruitment of interosseous collaterals connect-
ing to the distal RA (●). The patient has a dominant RA-DPA system with completeness of the DPA (*connection 
between the deep palmar branch of the RA and UA).
DPA = Deep Palmar Arch, SPA = Superficial Palmar Arch, RA = Radial Artery, UA = Ulnar Artery
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supplemental video
Angiography of the forearm and hand vasculature

supplemental table

Table A. Characteristics of the enrolled and complete cohort of consecutive patients

enrolled patients Consecutive patients

(n=234) (n=1195)

Demographic characteristics

Age 63 (±11) 65 (±10)

Male 76% 71%

Height (cm) 175 (±8) 174 (±10)

Weight (kg) 85 (±17) 84 (±18)

Cardiovascular risk factors

Current smoking 18% 17%

Hypertension 52% 43%

Hypercholesterolemia 41% 28%

DM 21% 17%

BMI (kg/m2) 27 (24-30) 27 (24-30)

Family history CVD 36% 28%

BMI = body mass index, DM = diabetes mellitus
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AbsTRACT

background

Transradial intervention (TrI) may impair digital perfusion with hand dysfunction as 
a result. However, the effect of TrI on digital perfusion has never been investigated, 
including the influence of variations of the collateral arterial network and the effect on 
hand dysfunction.

Methods and Results

We investigated the effect of TrI on digital perfusion by Laser Doppler Perfusion Imag-
ing (LDPI). LDPI was performed at baseline, during radial access, Tr band application 
and at discharge. We compared tissue perfusion of the homolateral thumb (access site) 
with the contralateral thumb (comparator) during radial access as primary outcome. The 
hand circulation was assessed with angiography. Upper extremity function was evalu-
ated with the validated QuickDASH questionnaire at baseline and follow-up.
A significant reduction of tissue perfusion was observed during radial access and Tr 
band application in the homolateral thumb (-32%, -32% respectively) and contralateral 
thumb (-34%, -21% respectively). We detected no perfusion difference between the 
homolateral and contralateral thumb during radial access (217 IQr 112-364 vs. 209 IQr 
99-369 AU, p=0.59). reduced perfusion of the thumb during radial access was not as-
sociated with incompleteness of the superficial palmar arch (p=0.13). Digital perfusion 
improved at discharge, though remained below baseline levels (homolateral -11% and 
contralateral -14%). Hand dysfunction at 18 months was not associated with TrI induced 
perfusion reduction (p=0.54).

Conclusions

Transradial intervention is safe. Digital perfusion is reduced in both hands during radial 
access and Tr band application, but is not associated with future loss of hand function 
and variations of the arterial hand supply.
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InTRoduCTIon

The radial artery is currently used as standard access site for coronary catheterization 
and intervention. Transradial intervention (TrI) has a lower rate of access site related 
bleeding complications than transfemoral intervention1. radial access may even reduce 
mortality in patients with ST-elevation myocardial infarction (STeMI) resulting in a class 
1A indication in international guidelines2. Despite these major benefits, arterial trauma 
and (micro)vascular dysfunction is reported after TrI3, 4. In recent years, much attention 
has been given to functional complaints of the upper extremity after TrI5. The exact 
mechanism of hand dysfunction is unclear, though may be associated with digital isch-
emia. During TrI, digital perfusion mainly depends on the collateral circulation of the 
hand when the introducer sheath impedes the radial artery flow. Particularly in those 
patients with a less developed collateral system, digital ischemia may be induced by TrI. 
It was previously demonstrated that radial artery compression leads to reduced blood 
flow to the thumb and increased thumb capillary lactate levels in healthy volunteers 
with an abnormal modified Allen test (MAT)6.
Digital tissue perfusion of the hand primarily depends on the palmar arch circulation 
and main supplying vessels (radial artery and ulnar artery). In the ACrA Anatomy Study 
we showed that incompleteness of the superficial palmar arch (SPA) was present in 46% 
of patients undergoing TrI whereas the deep palmar arch (DPA) was always present7. In 
patients with an incomplete SPA, angiographic flow to the digital artery of the thumb 
was decreased during radial access 7. A flow reduction to the main artery of the thumb 
was also observed after radial artery harvest for coronary bypass surgery8 with reduced 
tissue perfusion of the hand and forearm9. Moreover, increased levels of capillary thumb 
lactate were reported at the time of Tr band application, though remained unchanged 
directly after radial access10. To the best of our knowledge no studies have been pub-
lished on the impact of TrI on digital perfusion of the hand.
We have initiated a prospective study to assess the consequences of TrI on digital hand 
perfusion with sequential Laser Doppler Perfusion Imaging (LDPI)11. LDPI is considered 
as the gold standard for non-invasive quantification of superficial tissue perfusion in 
healthy subjects and during pathological circumstances with good reproducibility12-14. 
The clinical consequence of reduced digital perfusion on upper extremity function was 
evaluated with the validated QuickDASH score15. The influence of collateral arterial sup-
ply variations on digital perfusion was assessed with the MAT and invasive angiography 
(gold standard).
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MeThods

Transparency and openness promotion statement

The data that support the findings of this study are available from the corresponding 
author upon reasonable request.

study design and patient population

This is a pre-specified sub study of the prospective ACrA anatomy study7. Patients ad-
mitted for elective coronary angiography or percutaneous coronary intervention were 
selected for study participation at the VU University Medical Center. When all inclusion 
and exclusion criteria were met and informed consent was obtained, patients were 
eligible for study participation7. The study protocol was approved by the local ethics 
committee and the study complies with the Declaration of Helsinki. All data were pro-
spectively collected and stored in a dedicated electronic database.

Aims

The primary objective was to determine the acute effects of TrI on digital hand perfu-
sion. As secondary objectives, we aimed to determine the influence of anatomic varia-
tions of the collateral arterial network on digital hand perfusion and the association with 
hand dysfunction.

Primary outcome

Perfusion of the homolateral thumb (access site) compared to perfusion of the contra-
lateral thumb (comparator) during radial access was used as primary outcome measure.

Transradial intervention

A double wall puncture technique was applied to gain radial access, followed by the 
introduction of a 6 French 10 cm-long sheath (Terumo®). A standard cocktail of 0.2 mg 
nitroglycerine and 5 mg verapamil was applied. A bolus of 5000 IU of unfractionated 
heparin was given for coronary angiography and adapted to the patient’s body weight in 
case of PCI. The side of radial access was left to the discretion of the operator, however the 
right radial artery is the access site of preference in our institution. A Tr band (Terumo®) 
was applied per manufacturer’s instructions when the introducer sheath was removed.

Modified Allen Test

The Modified Allen Test (MAT) was performed according to a standardized protocol 
(pre-TrI). After simultaneous occlusive compression of the radial and ulnar artery and 
clenching of the hand the patient was asked to open the hand, without hyperextension 
of the wrist and fingers. After ulnar artery pressure release, while maintaining compres-
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sion on the radial artery, the time to reach maximal palmar blush was recorded. MAT 
results were categorized as normal (0-5 s), intermediate (6-10 s) or abnormal (>10 s)10.

digital perfusion imaging of the hand

Digital perfusion of the hand was performed with the Laser Doppler Perfusion Imager 
(MoorLDI2, Moor Instruments, Devon, UK) according to a previous described protocol16. 
LDPI was performed in a quiet and low stimulus environment at a room temperature of 
20-22 degrees Celsius. The distance between the hand and the LDPI camera was con-
sistently 40 cm. First, the dorsal part of both thumbs (dig 1) were scanned using normal 
photography and LDPI, followed by a scan of the dorsal part of the homolateral index (dig 
2), middle (dig 3) and ring finger (dig 4), as represented in Figure 1. LDPI was performed 
at baseline (before radial access), during radial access (immediately before radial sheath 
removal), during Tr band application and at discharge (>1 hour after Tr band removal).

figure 1. Laser Doppler Perfusion imaging to quantify digital hand perfusion
The left row represents the methods of LDPI of both thumbs and homolateral digits 2,3 and 4. Image A and B 
shows how both hands were positioned during LDPI with the introducer sheath in situ (red arrow). Image C and 
E depicts the infrared LDPI images. High LDPI perfusion is displayed in red, intermediate perfusion in green and 
low perfusion is represented by the color blue. Simultaneous obtained normal light photography are displayed in 
image D and F. The region of interest (ROI) used for LDPI quantification is appointed by orange.
The right row (G) represents the LDPI images of a male patient with an incomplete SPA, obtained at 4 different 
time points (baseline, radial access, TR band application and discharge). LDPI of both thumb are presented on 
the left side and LDPI of the homolateral digits 2,3 and 4 are presented on the right side. A similar decrease of 
perfusion is present in both thumbs during radial access and TR band application that partially recovers before 
discharge. A similar pattern may be observed in the homolateral digits 2,3 and 4.
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A region of interest (rOI) was drawn from the tip of the digit to just below the nail bed, using 
the LDPI v6 PC software (Moor Instruments, Devon, UK). Data from the near-infrared laser 
(~780 nm) were used to quantify perfusion of each individual digit and are presented as 
arbitrary flux units (AU)17. Combined perfusion of the homolateral hand was defined as the 
mean perfusion of access site digits 1-4. reduced perfusion during radial access, Tr band 
application and discharge was defined as a lower LDPI value (AU) as compared to baseline.
Digital perfusion was normalized for baseline or contralateral values, represented as 
Perfusion Index.

Angiography of the hand circulation

Angiography of the hand and forearm vasculature was performed during TrI by retrograde 
contrast injection through the radial introducer sheath according to a previous described 
protocol7. Angiograms were reviewed according to a standardized protocol to determine 
palmar arch completeness and anastomotic arterial connections that contributed to digi-
tal perfusion of the hand7. The superficial palmar arch (SPA) is complete when it directly 
supplies all digits of the hand, including the ulnar side of the thumb. The deep palmar 
arch (DPA) is complete when the distal part of the deep palmar branch of the rA was 
connected with the deep palmar branch of the ulnar artery, as previously described7. An 
angiographic example of the palmar arch circulation is provided in supplemental Figure 1.

upper extremity function and cold intolerance

Upper extremity function was measured with the validated QuickDASH questionnaire at 
baseline and follow-up7. An increase of the QuickDASH score represents worsening of 
hand function. A minimal clinically important difference of 14 points was used to detect 
a clinical relevant change of hand function18. Cold intolerance of the hand was measured 
with the validated Cold Intolerance Symptom Severity (CISS) questionnaire19. Pathologi-
cal cold intolerance is defined as a CISS score ≥ 3020. An example of both questionnaires 
with scoring methods have been published previously21.

statistical analysis

A sample size of 95 patients was needed to detect a difference in mean digital thumb 
perfusion of 48 AU between the homolateral hand and contralateral hand during radial 
access hand with 80% power, assuming a 15% lower tissue perfusion in the homolateral 
hand (described in the operated extremity after radial harvest9), mean tissue perfusion of 
321 AU and standard deviation of 186 AU (described in healthy controls22) and a within-
patient correlation of at least 0.6 between measures on homolateral and contralateral 
hand. The sample size was increased by 5% to account for missing or non-analyzable 
LDPI data, which resulted in a total sample size of 100 patients. Calculations are based 
on a paired sample t-test using a significance level of 5%.
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Categorical variables are expressed as frequencies and percentages. Categorical variables 
were compared between groups using the Chi-Square test or Fisher exact test when the 
total number of observed counts was less than 10. Continuous variables are presented as 
mean ± standard deviation in case of a normal distribution and median with inter-quartile 
range (IQr) otherwise. Continuous variables were compared between two groups using 
independent sample t-test when data was normally distributed and Mann-Whitney U test 
when this was not the ase. The Wilcoxon signed ranks test and Friedman test were used 
when two or more than two related samples were compared and outcome variable was not 
normally distributed. A two-sided significance level of 5% was standardly used for statistical 
analyses. However, post hoc comparisons between digits at different stages were performed 
according to Bonferroni correction using a two-sided significance level of 1.25%. Statistical 
analyses were performed with SPSS for Windows version 25.0 (SPSS, Inc., Chicago, Illinois).

ResulTs

study population

Between january 2015 and October 2015, 611 patients were admitted for elective 
percutaneous coronary catheterization or intervention (Figure 2). In total 120 patients 
were screened for study participation, the remainder of patients were not assessed for 
eligibility because of logistics. Twenty patients were not included because of anticipated 
femoral access (n=15), severe kidney failure (n=3) or refusal to participate (n=2). Clinical 
and procedural characteristics of the study cohort are presented in Table 1. The mean 
age was 63 (±11) years and 79% of the participants was male. radial access succeeded 
in all patients and PCI was performed in 49% of patients.

digital tissue perfusion of the hand

Digital tissue perfusion of the access site hand was assessed in the complete cohort 
at baseline, during radial access and Tr band application (n=100). At discharge, digital 
hand perfusion was measured in 52 (52%) of patients.
For the primary outcome of digital perfusion, no difference was observed between the 
homolateral and contralateral thumb during radial access (217 IQr 112-364 vs. 209 IQr 
99-369 AU, p=0.59). Digital perfusion of the homolateral thumb was reduced in 64% 
of patients during radial access and digital perfusion of the contralateral thumb was 
reduced in 65% of patients. The perfusion index, normalized for baseline values, was 
not different between the homolateral and contralateral thumb during radial access, Tr 
band application and discharge (Table 2).
In Figure 3, the change of thumb perfusion from baseline is represented during radial 
access, Tr band application and at discharge. In the homolateral hand perfusion of the 
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thumb was significantly decreased by 32% during radial access (p<0.001) and by 32% 
during Tr band application (p<0.001). At discharge, perfusion of the homolateral thumb 
was decreased by 11%, though not significant (p=0.15). Digital perfusion of the contra-
lateral thumb, was significantly decreased during radial access (34%, p<0.001), Tr band 
application (21%, p=0.003) and at discharge (14%, p=0.044). The perfusion index of the 
homolateral thumb, normalized for the contralateral side, was not different during base-
line (0.99, IQr 0.88-1.12), radial access (0.97, IQr 0.74-1.29), Tr band (0.95, IQr 0.77-1.20) 
and discharge (1.01, IQr 0.88-1.18, p=0.36).
In Figure 4, a similar perfusion pattern may be observed for all digits across the different 
stages of TrI. However, tissue perfusion between digits was significantly different during 
Tr band application (p=0.011) with the highest value in the contralateral thumb and the 
lowest in the ring finger of the access site.
Combined perfusion of the homolateral hand (dig1,2,3 and 4) was reduced in 64% of 
patients during radial access and 68% during Tr band application. The perfusion index, 
normalized for baseline values was similar for the homolateral and contralateral hand 
during radial access (0.81 IQr 0.46-1.15 vs 0.85 IQr 0.46-1.17, p=0.84) and at discharge 
(0.89 IQr 0.57-1.33 vs 0.92 IQr 0.55-1.32, p=0.63). During Tr band application, the per-
fusion index of the homolateral hand and contralateral hand was statistically different 
(0.73 IQr 0.44-1.15 vs 0.89 IQr 0.53-1.13, p=0.02).

Characteristics of vascular hand supply and effect on digital hand perfusion

The Modified Allen Test (MAT) was performed in the complete cohort before the proce-
dure was started and the results are represented in Table 1. The anatomy of vascular hand 
supply was visualized by angiography in all participants. The palmar arch circulation 

Elective coronary procedures
n= 611

Enrollment 

Excluded (n=20):
Exclusion criteria (n=18)
Declined to participate (n=2)

Eligible study participants
n= 120

Study participants
n=100 

Hand function
n = 83

Analyses Perfusion imaging of the hand
n=100 

Follow-up

No Follow-up (n=17):
Loss to follow-up (n=12)
Refused further f-up (n=1)
Death (n=3)
Cognitive dysfunction (n=1)

figure 2. enrollment Flow Diagram
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could not be analyzed in 5 patients because of incomplete angiography or suboptimal 
contrast filling. Incompleteness of the DPA was not observed in our study population 
and SPA incompleteness was present in 45 patients (47%). Digital vascular supply was 
supported by interosseous collateral arteries in 51% and a persistent median artery in 
6% of patients. reduced perfusion of the thumb during radial access was not associated 
with incompleteness of the SPA, represented by similar proportions of patients with 
reduced perfusion in both groups (complete SPA: 56% vs. incomplete SPA: 71%, p=0.13). 
reduced perfusion of the thumb during radial access was not associated with the pres-

Table 1. Baseline characteristics

demographic characteristics

Age (years) 63 ±11

Male 79 (79%)

Length (cm) 176 ±8

Weight (kg) 87 ±17

Cardiovascular history

Previous MI 27 (27%)

Previous PCI 34 (34%)

Previous CABG 1 (1%)

Peripheral artery disease 5 (5%)

Previous radial access 51 (51%)

Cardiovascular risk factors

Current smoking 18 (18%)

Hypertension 57 (57%)

Hypercholesterolemia 39 (39%)

DM 18 (18%)

BMI (kg/m2) 28 (25-31)

Family history CVD 33 (33%)

Modified Allen test

Normal 43 (43%)

Intermediate 23 (23%)

Abnormal 34 (34%)

Procedure

PCI 49 (49%)

Procedural time (min) 30 (20-49)

Procedural success 99 (99%)

radial artery spasm 9 (9%)

Pain score (VAS) 0 (0-3)

BMI = body mass index, DM = diabetes mellitus, MAT = Modified Allen Test, MI = myocardial infarction, PCI = 
percutaneous coronary intervention, VAS = visual analogue scale
BMI, procedural time and pain score are reported as median (Q1-Q3)
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ence of interosseous collateral arteries (present 66%: vs. not present 60%, p=0.57) and 
a persistent median artery, represented by similar proportions of patients with reduced 
perfusion in both groups (present 83% vs. not present 62%, p=0.41).
The perfusion index of the homolateral hand, normalized for baseline values, was not 
statistically different in patients with or without SPA incompleteness during radial ac-
cess (0.76 IQr 0.42-1.26 vs. 0.90 IQr 0.47-1.19, p=0.67), Tr band application (0.62 IQr 
0.47-0.95 vs. 0.85 IQr 0.42-1.23, p=0.43) and discharge (0.89 IQr 0.72-1.15 vs. 0.86 IQr 
0.45-1.39, p=0.80). reduced combined tissue perfusion of the homolateral hand was also 
not associated with an abnormal pre-procedural MAT, represented by similar proportion 
during radial access (abnormal MAT 62% vs. normal-intermediate MAT 66%, p=0.70) and 
Tr band application (abnormal MAT 74% vs. normal-intermediate MAT 66%, p=0.42).

functional outcome of the upper extremity

The QuickDASH score and CISS score at baseline were available in the complete cohort. 
Median follow-up was 18 months (IQr 16-23). The QuickDASH score and CISS score at 
follow-up was present in 83% of patients. reasons for follow-up data not being available 
were: 1. lost to follow-up (n=12), 2. refused further participation (n=1), 3. death (n=3) 
and 4. cognitive dysfunction (n=1).
Any increase of the QuickDASH score between baseline and follow-up was present in 
13% of patients. The proportion of patients with a clinical relevant increase of the Quick-
DASH score (MCID > 14 points) was 2%. Any increase of the QuickDASH score was similar 
present in patients with and without reduced tissue perfusion of the homolateral hand 
(12% vs. 16% respectively, p=0.74). reduced hand perfusion during radial access was 
also not associated with a clinical relevant increase of the QuickDASH score (Figure 5). A 
reduction in hand perfusion during TrI was also not associated with the occurrence of 
pathological cold intolerance at follow-up (p=0.65, Figure 5). No ischemic complications 
of the hand occurred during follow-up.

Table 2. Perfusion index of both thumbs in patients undergoing TrI

Perfusion Index*
homolateral thumb

Perfusion Index*
Contralateral thumb p-value

Radial access (n=100) 0.82 (0.48-1.26) 0.85 (0.46-1.17) 0.40

TR band (n=100) 0.82 (0.51-1.23) 0.89 (0.53-1.13) 0.98

discharge (n=52) 0.88 (0.58-1.36) 0.92 (0.55-1.32) 0.06

*Digital perfusion was normalised for baseline values
Perfusion indices are reported as median (Q1-Q3) and p-values were calculated with the Wilcoxon signed ranks 
test (p-value < 0.05 was considered statistically significant)
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figure 3. The change of digital hand perfusion in patients undergoing TrI
p-values were calculated with the Wilcoxon signed ranks test (p-value < 0.05 was considered statistically signifi-
cant)

figure 4. Digital perfusion of the access site hand and contralateral hand in patients undergoing TrI
Perfusion of each individual digit is quantified in arbitrary flux units (AU) and p-values were calculated with the 
Friedman test (p-value < 0.0125 was considered statistically significant according to Bonferroni correction)
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dIsCussIon

This is the fi rst study that analyzed the eff ect of transradial intervention on digital hand 
perfusion as measured with LDPI. The most important fi ndings of this study are: 1. Tis-
sue perfusion of the hand is reduced during radial access and Tr band application, 2. A 
similar reduction of digital perfusion is present in the contralateral hand during radial 
access and Tr band application, 3. Palmar arch incompleteness is not associated with a 
reduction of digital perfusion. 4. reduced digital hand perfusion during TrI is not associ-
ated with long-term hand dysfunction.
Digital perfusion depends on the collateral arterial supply of the hand during TrI. 
The ulnar artery and palmar arches serve as most important conduits when the radial 
artery is damaged, removed or occluded23. Several non-invasive methods have been 
developed to test the patency of the collateral hand circulation before procedures that 
may compromise the radial artery24. Historically, the modifi ed Allen Test (MAT) has been 
the most applied method to assess patency of the palmar arch circulation25. However, 
many centers have stopped to apply pre-procedural patency testing, because of their 
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figure 5. The impact of decreased hand perfusion during TrI on hand dysfunction and pathological cold 
intolerance
p-values were calculated with the Fisher’s Exact test (p-value < 0.05 was considered statistically signifi cant)



137

6

inability to prevent ischemic complications of the hand26 and poor diagnostic accuracy 
for palmar arch completeness7.
We primarily assessed the collateral vascular supply of the hand with angiography, con-
sidered as the gold standard. Although radial access resulted in a significant reduction 
of digital hand perfusion, this was not related with anatomic variations of the vascular 
supply (i.e. palmar arch completeness). Moreover, a similar reduction of digital hand 
perfusion was observed in the contralateral thumb during radial access and Tr band 
application. This suggests that TrI with occlusion of the radial artery will not lead to 
an excessive perfusion deficit of the access site hand, also when the collateral arterial 
supply is less developed. Previous studies showed reduced digital blood pressure dur-
ing external compression of the radial artery16 and reduced digital blood flow during 
radial access related to the characteristics of collateral arterial hand supply7. Also in 
patients undergoing radial harvest for coronary bypass surgery (CABG), preoperative 
selective compression of the radial artery resulted into a 12-16 % decrease of tissue 
oxygen saturation (SO2) and a 28-41% decrease of digital blood flow27. However, two 
days after surgery, SO2 and blood flow were similar to the preoperative values. The early 
return of tissue perfusion after radial harvest is probably the result of increased com-
pensatory blood flow in the ulnar artery with redistribution of flow to the digital palmar 
arteries8 and opening of small arterial collaterals. Increased compensatory ulnar artery 
blood flow was also observed in patients with chronic radial artery occlusion28. And, 
during radial access interosseous arterial collaterals were more often recruited when 
incompleteness of the SPA was present7. This might explain the findings of the rADAr 
study, showing unchanged thumb capillary lactate levels in the complete cohort after 
radial access10. A remarkable finding of this study was that thumb capillary lactate did 
increase during Tr band application, irrespective of the MAT10. We found that digital 
perfusion was significantly reduced during Tr band application in both hands, though 
more pronounced in the homolateral hand. As previously speculated, external radial 
artery compression devices might influence the collateral vascular supply10, leading to 
reduced digital hemodynamics and increased levels of capillary lactate.
Nevertheless, the results of our study confirm the safety of radial access, also when the 
collateral vascular supply is smaller. Although the thumb largely depends on radial artery 
blood supply, similar perfusion values were present in both thumbs during radial access. 
The thumb is the most important digit with respect to hand function. We showed that 
hand dysfunction and pathological cold intolerance were not associated with reduced 
digital hand perfusion during TrI.
The unique feature of this study is that perfusion was measured in the contralateral 
hand as well. The bilateral reduction and restoration of digital perfusion around TrI is 
suggestive for a systemic effect. This might explain why local anatomical variants of 
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the collateral supply were not associated with a reduction of digital hand perfusion (i.e. 
palmar arch incompleteness).
It has been reported that Tr catheterization and angioplasty might induce a systemic in-
flammatory response with neurohumoral stimulation29, 30. This neurohumoral response 
might be induced by vascular access, contrast injection, pharmacological products 
and induced vessel injury by guide wires, catheters and hemostasis device. endothelial 
dysfunction with a loss of vasodilator has been described after TrI in the upstream mac-
rovasculature4, 31 and downstream microcirculation32. The neurohumoral upregulation 
of vasoconstrictor substances and downregulation of potent vasodilators may explain 
the reduction of digital tissue perfusion in both hands, however this is hypothesis gen-
erating and might warrant further mechanistic investigation.

lIMITATIons

In this prospective study we were not able to include all consecutive patients due to 
competing studies and logistics, which might have influenced our study results. How-
ever, patient characteristics did not differ largely from the complete consecutive cohort, 
suggesting good external validity (Supplemental Table 1). Medication that is standardly 
administered during TrI, such as verapamil and nitroglycerine, might have affected our 
study results. Both drugs with vasodilation capacities may have underestimated the 
observed effect of TrI on digital hand perfusion. Also, parameters with a minor effect 
on digital hand perfusion might not be noted in this cohort study with modest sample 
size, because of the potent bilateral systemic effect. Potentially, digital hand perfusion is 
different in patients with radial artery occlusion but this was not assessed in our cohort.

ConClusIons

TrI is safe. Digital perfusion is reduced in both hands during radial access and Tr band 
application, but is not associated with future loss of hand function and variations of the 
arterial hand supply.
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Clinical perspectives

What is known?
•	 Subclinical	signs	of	hand	ischemia	have	been	reported	after	transradial	catheteriza-

tion represented by increased capillary thumb lactate levels before radial artery 
bandage release, though remained unchanged directly after radial access and were 
not associated with the modified Allen test (MAT) results.

•	 A	flow	 reduction	 to	 the	main	artery	of	 the	 thumb	has	been	described	after	 radial	
artery harvest for coronary bypass surgery (CABG) and during transradial catheter-
ization when the superficial palmar arch was incomplete.

What the study adds?
•	 With	sequential	Laser	Doppler	Perfusion	Imaging	we	show	that	digital	tissue	perfu-

sion is not reduced by radial access and Tr band application as compared to the 
reference hand.

•	 Digital	 tissue	 perfusion	 during	 transradial	 procedures	 is	 not	 associated	with	 ana-
tomical variants of the arterial supply or future loss of hand function, which confirms 
the safety of transradial procedures in every patient.
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suPPleMenTAl MATeRIAl

 

SUPPLEMENTAL MATERIAL 

Supplemental Figure 1. Angiographic visualization of the palmar arch circulation and digital blood 

supply 

 

Legend Supplemental Figure 1 

After retrograde contrast injection through the introducer sheath, the radial artery, the ulnar artery, 

palmar arches and digital arteries were subsequently visualized. In this example the patient has a 

complete DPA (distal part of the deep palmar branch of the radial artery connects with the deep 

palmar branch of the ulnar artery: DPA connection) and complete SPA (directly supplies all fingers, 

including the ulnar side of the thumb). 

supplemental figure 1. Angiographic visualization of the palmar arch circulation and digital blood supply
After retrograde contrast injection through the introducer sheath, the radial artery, the ulnar artery, palmar 
arches and digital arteries were subsequently visualized. In this example the patient has a complete DPA 
(distal part of the deep palmar branch of the radial artery connects with the deep palmar branch of the 
ulnar artery: DPA connection) and complete SPA (directly supplies all fingers, including the ulnar side of 
the thumb).

supplemental Table 1. Characteristics of the enrolled and cohort of consecutive patients

enrolled patients Consecutive patients

(n=100) (n=611)

Demographics

Age 63 (±11) 65 (±10)

Male 79% 72%

Height (cm) 176 (±8) 174 (±10)

Weight (kg) 87 (±17) 85 (±18)

Cardiovascular risk factors

Current smoking 18% 16%

Hypertension 57% 42%

Hypercholesterolemia 39% 30%

DM 18% 16%

BMI (kg/m2) 28 (25-31) 27 (24-30)

Family history CVD 33% 28%

BMI = body mass index, DM = diabetes mellitus
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AbsTRACT

Aims

This study aims primarily to assess the extent of the collateral circulation of the hand in 
a combined population of healthy individuals and patients who underwent transradial 
catheterisation, using both the Nexfin system and laser Doppler perfusion imaging.

Methods and results

In total, 85 adults were included in the study (18 healthy volunteers; 67 patients who un-
derwent transradial catheterisation). The perfusion of the thumb was assessed prior to 
and during complete radial artery compression using laser Doppler perfusion imaging 
and the Nexfin system. The palmar collateral flow index (PCFI) was compared between 
both devices and PCFINeXFIN was related to hand angiography and the upper limb function, 
using the QuickDASH questionnaire. Mean PCFILDPI was 0.77±0.15 and mean PCFINeXFIN 
was 0.88±0.08. Both were significantly related (Pearson correlation=0.49, 95% CI: 0.31-
0.64, p<0.001, agreement -0.11±0.13). PCFINeXFIN correlated with the maximal diameter 
of the superficial palmar arch (r=0.49, p=0.04) and total minimal arch diameter (r=0.51, 
p<0.02). High PCFINeXFIN, measured at baseline, was correlated with a lower QuickDASH 
score for pain, activity and total at one month post transradial catheterisation (p=0.02, 
p<0.01, p<0.01), but not with discomfort or disability.

Conclusions

The Nexfin monitoring system is comparable with laser Doppler perfusion imaging in 
the quantification of the collateral perfusion in the hand. In patients, the Nexfin-derived 
collateral flow index measured at baseline is associated with clinical outcome at 30 days 
post transradial catheterisation.
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InTRoduCTIon

Collateral anastomoses provide blood flow to tissues or vessels when arterial patency is 
compromised and can already be found in the early stages of life and throughout the 
body. The vasculature of the hand also contains anastomoses. Typically, two main arter-
ies, the ulnar and the radial artery (and in some cases the interosseous artery), provide 
blood flow to the palmar circulation and form two major end-arterial collateral con-
nections, the superficial palmar arch (SPA) and the deep palmar arch (DPA). The SPA is 
typically the dominant artery in the hand, mainly supplying blood flow to the digits (1). 
These arches can compensate perfusion in case arterial supply is partly halted, patho-
genically or iatrogenically. Palmar arch anatomy can be broadly divided into complete 
and incomplete (2), but multiple subtypes can be identified (3, 4), all affecting collateral 
responsiveness.
Nowadays, for cardiac catheterisation a transradial approach is favoured due to fewer 
access-site complications (5, 6), better quality of life and lower costs (7). However, during 
this procedure the radial artery is (almost) completely blocked by an intra-arterial sheath, 
whereby hand perfusion is dependent on perfusion by the ulnar artery or interosseous 
artery and collateral anastomoses. Generally, transradial catheterisation does not influ-
ence upper limb function and hand perfusion is maintained (8-10). However, in up to 
40% of patients collateral perfusion falls short and symptoms may occur, especially after 
complete radial artery occlusion (rAO) (2, 11, 12). In some cases, recanalisation is war-
ranted to relieve ischaemic symptoms(13). For these patients the transradial approach 
may not be optimally suited or “slender” techniques with small-size sheaths should 
preferably be used (14).
Investigation of palmar arch patency is typically carried out with the (modified) Allen 
test, which is easy to perform but liable to misinterpretation (15), is not always performed 
prior to catheterisation (16) and has limited prognostic value in relation to clinical effect 
(9). Palmar circulation can be examined more objectively with other non-invasive tests 
(15, 17, 18), of which only laser Doppler perfusion imaging (LDPI) provides quantita-
tive blood flow (17, 19). The Nexfin monitoring system (Bmeye B.V., now edwards Life-
sciences, Irvine CA, USA) is a relatively new system that measures finger arterial pressure 
waveforms. Additionally, these measurements can be used for the quantification of the 
palmar circulation. Currently the Nexfin system has been well validated for blood pres-
sure measurements, even when blood pressure is low (20, 21).
Quantitative measurements allow the calculation of the palmar collateral flow index 
(PCFI), which is determined by assessing perfusion before and after complete radial 
compression. We hypothesised that the Nexfin monitoring system is capable of ade-
quately measuring the palmar collateral circulation. This study aims primarily to assess 
the extent of the collateral circulation of the hand in a combined population of healthy 
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individuals and patients who underwent transradial catheterisation, using both the 
Nexfin system and laser Doppler perfusion imaging. Secondly, this study analyses the 
correlation of the non-invasively measured palmar collateral circulation with the angio-
graphic palmar arch anatomy. Finally, we determined whether the extent of the palmar 
collateral circulation was related to hand function after transradial cardiac procedures.

MeThods

study design and population

In total, 85 adults were enrolled in this study, consisting of 18 healthy volunteers and 67 
patients with suspected coronary artery disease who underwent transradial coronary 
angiography, as part of the ACrA study (Assessment of disability after Coronary proce-
dures using radial Access) (8). All study participants provided informed consent.

Monitoring devices

Palmar blood flow was measured with two non-invasive monitoring devices: 1) laser 
Doppler perfusion imager (LDPI) (moor LDI2-Ir; Moor Instruments Ltd, Axminster, 
United Kingdom), and 2) CC Nexfin monitoring device (Bmeye B.V., now edwards Life-
sciences). In the patient group, LDPI and Nexfin measurements were conducted prior to 
catheterisation.
For the LDPI measurements, patients were asked to place their hands dorsal side facing 
up. The distance between the thumbs and the LDPI camera was consistently 40 cm. If 
present, nail polish was removed prior to measurement. All measurements were per-
formed in a quiet and low stimulus room and at a controlled ambient temperature of 
between 20° and 22° C.
After choosing the appropriate size, the Nexfin finger cuff was carefully positioned 
on the thumb and connected to the wristband connection module, according to the 
manufacturer’s instructions.

Radial artery compression

Complete radial artery occlusion was established with a Tr-Band® radial artery compres-
sion device (Terumo Medical Corp., Tokyo, japan). The radial artery was located with 
manual palpation, after which the Tr-Band was placed according to the manufacturer’s 
instructions. After baseline measurements, radial artery occlusion was established by 
inflating the balloon with ≥18 mL air, according to the manufacturer’s instructions. 
Complete radial occlusion was checked with a BT-200 Vascular Doppler (Bistos Co. Ltd, 
Gyeonggi-do, South Korea).
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Measurements

Both thumbs were scanned with LDPI using infrared and normal photography (Figure 
1). Subsequently, the right hand was attached to the Nexfin system, as described above, 
and baseline data were recorded for five minutes. After this period, but without stop-
ping the continuous Nexfin measurement, the radial artery was occluded. Again, data 
were recorded for five minutes (Figure 2), after which the Nexfin system was detached. 
With the Tr-Band still inflated, a second LDPI scan was made. Finally, the radial artery 
occlusion was removed. In patients, all measurements were carried out prior to cath-
eterisation. All measurements were performed in a quiet and low stimulus room (20˚ C).

figure 1. Laser Doppler perfusion imaging (LDPI) measurements.
Top row represents measurements at baseline, middle row represents measurements during radial artery 
(rA) occlusion.
Panels A and D depict the infrared (Ir) LDPI images. High perfusion is displayed in red, intermediate perfu-
sion in green and low perfusion in blue. Panels B and e are normal light photography images, which are 
taken simultaneously with A and D, respectively. In panel B a region of interest (rOI) is drawn which is 
indicated by the yellow arrow. A clear loss of Ir LDPI signal can be seen after rA occlusion (D), as compared 
to baseline (A). Panels C and F show a graphic overview of rOIs of thumbs in panels A, B, D & e. Panel G 
gives a schematic overview of the different rOIs. Panel H shows the formula for PCFILDPI in which a corrected 
signal of the left thumb is used to approximate simultaneous measurement of proximal and distal pressure.
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Palmar collateral flow index

Calculation of the palmar collateral flow index (PCFI) was based on the coronary collat-
eral flow index in which a wedge pressure is measured during total occlusion (22). In the 
coronary setting, CFI has been well validated and has strong prognostic value (23, 24). 
For the calculation of the PCFI, measurements of the thumb were used, based on the fact 
that the thumb is normally predominantly perfused “antegradely” by the radial artery 
(25). After full radial artery compression the perfusion of the thumb relies completely on 
collateral blood supply.

laser doppler-derived PCfI

Based on the photographic images, a region of interest (rOI) was drawn manually from 
the tip of the thumb to just below the nailbed (Figure 1). This was carried out bilaterally, 
on both baseline and occlusion images, using the LDPI v6 PC software (Moor Instru-
ments). For perfusion quantification, infrared (Ir) data were used. Average perfusion per 
rOI was used for the calculation of the PCFILDPI (Figure 1). During radial artery occlusion, 
the right-hand thumb perfusion was used for Poccl and the left-hand thumb perfusion 
was used for Prest, which was corrected by the ratio between LDPI of both thumbs at 
baseline (Figure 1). PCFILDPI was calculated as: PCFI=Poccl /Prest.

nexfin-derived PCfI

For the Nexfin-derived PCFI (PCFINeXFIN), the average uncorrected systolic blood pressures 
of the right-hand thumb prior to and during radial artery occlusion were used, using 
the Nexfin@PC 2.0 and FrameInspector V2.3.0.2 software (both Bmeye, now edwards 

figure 2. Nexfin measurements.
Typical example of Nexfin measurement, showing blood pressure as a function of time. Top line represents 
systolic blood pressure, middle line mean arterial pressure and bottom line is diastolic pressure. After oc-
clusion of the radial artery (arrow), a clear drop in pressure can be seen.
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Lifesciences). PCFI was calculated as follows: PCFI=Poccl/Prest, in which Poccl stands for the 
average perfusion of the thumb during radial artery occlusion and Prest is the perfusion 
of the thumb prior to occlusion.

Modified Allen test and barbeau test

In all patients, the modified Allen test was performed. In short, patients were asked 
to clench their fist, after which the radial and ulnar arteries were compressed. Subse-
quently, patients opened their hand, revealing a blanched palm. The ulnar artery was 
then released and the time needed for maximal blushing of the hand was assessed. A 
blushing time >10 seconds was considered abnormal (4). For the Barbeau test, a pulse 
oximeter was placed on the thumb and oxygen saturation recorded. After that, the 
radial artery was compressed, and the change in the saturation pattern was noted. The 
results were divided into four types as previously described (26). We considered the 
(reverse) Barbeau test to be abnormal in case of type C and D, representing suboptimal 
(collateral) or no blood supply to the thumb.

Anatomy palmar arch

The vascular anatomy of the hand was visualised in patients during the coronary an-
giogram procedure. In short, after introduction of the radial sheath, but prior to the 
introduction of the guiding catheter, a bolus of contrast medium was administered via 
the introducer sheath to visualise the palmar vasculature. These images were analysed 
for palmar arch anatomy variations according to classification of palmar artery dimen-
sions (3, 4). Furthermore, the diameters of the SPA and DPA were measured.

Clinical outcomes

For the assessment of the symptoms and functionality of the intervened arm one month 
after transradial access, patients were asked to answer the shortened version of the 
Disabilities of the Arm, Shoulder and Hand (QuickDASH) questionnaire at one-month 
follow-up. The QuickDASH questionnaire consists of multiple categories (pain, disability, 
discomfort, activity), and the score represents the severity of the symptoms and dis-
abilities of the patient (27).

statistical analysis

The normality of continuous variables was tested by means of the Kolmogorov-Smirnov 
test. All normally distributed variables are summarised as mean±standard deviation. 
Agreement between the LDPI and the Nexfin devices was quantified using bivariate 
analyses. Bias and limits of agreement (LOA) (bias [2.0 SD]) were calculated according 
to the Bland-Altman statistical method. Means were compared between groups using 
an independent t-test or ANOVA in the case of three groups or more. Statistical analysis 
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was performed with Statistical Package for Social Sciences, Version 20.0 software (IBM 
Corp., Armonk, NY, USA).

ResulTs

study population

In total, 85 adults were enrolled in this study, of whom 18 were healthy individuals (21%) 
and 67 had suspected coronary artery disease (79%). All study participants underwent 
Nexfin and LDPI measurements (Table 1).

nexfin versus ldPI

In all patients, the radial artery occlusion was complete, as checked by vascular Doppler. 
Mean PCFILDPI was 0.77±0.15, with an upper and lower limit of 0.39 and 1.0, respectively. 
Mean PCFINeXFIN was 0.88±0.082, with upper and lower limits of 0.63 and 1.0, respectively 

Table 1. Study participant characteristics.

Clinical demographics Controls Patients Total

(n=18) (n=67) (n=85)

Age (years) 26.8±2.2 64.6±10 56.6±18

Sex (male) 13 (72%) 49 (73%) 62 (73%)

Hypertension 0 (0%) 26 (39%) 26 (31%)

Diabetes 0 (0%) 11 (16%) 11 (13%)

Smoking 0 (0%) 17 (25%) 17 (20%)

Hypercholesterolaemia 0 (0%) 20 (30%) 20 (24%)

Prior radial access 0 (0%) 26 (53%) 26 (31%)

Family history of CAD 0 (0%) 17 (25%) 17 (20%)

Prior MI 0 (0%) 11 (16%) 11 (13%)

Prior PCI 0 (0%) 14 (21%) 14 (16%)

Prior CABG 0 (0%) 1 (1.5%) 1 (1.2%)

Peripheral artery disease 0 (0%) 1 (1.5%) 1 (1.2%)

Diameter radial artery (mm) - 2.69±0.48 -

Introducer sheath size (mm) - 2.52±0 -

Introduced sheath size (Fr) 6±0 -

CFILDPI 0.76±0.20 0.69±0.24 0.71±0.23

CFINeXFIN 0.88±0.07 0.87±0.16 0.87±0.14

Continuous data displayed as mean±SD. Binary data are displayed as frequency (percentage).
CABG: coronary artery bypass grafting; CAD: coronary artery disease; CFILDPI: LDPI-derived palmar collateral 
flow index; CFINeXFIN: Nexfin-derived palmar collateral flow index; MI: myocardial infarction; PCI: percutane-
ous coronary intervention
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(Figure 3). Both parameters were significantly associated (Pearson correlation r=0.484, 
p<0.001). The bias was estimated as -0.11, with limits of agreement being -0.37 and 0.15 
(Figure 4).

nexfin and ldPI in relation to other non-invasive tests

Patients with an abnormal modified Allen test showed a trend towards a lower mean 
PCFINeXFIN compared to patients with a normal Allen test (0.76±0.29 vs. 0.89±0.07, 
p=0.059). PCFINeXFIN was similar in patients both with and without an abnormal Allen test 
(0.68±0.025 vs. 0.65±0.26, p=0.93). Mean PCFINeXFIN was found to differ between groups 
classified on the basis of Barbeau’s test (p<0.01). Interestingly, the only patient with 
Barbeau type 4 (complete loss of oxygen saturation after rA compression) also showed 
complete loss of perfusion on the Nexfin.

figure 3. Distribution PCFI.
Frequency histogram of PCFI measurements 
of both the Nexfin system and laser Doppler 
perfusion imaging.
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figure 4. Scatter plot and Bland-Altman plot.
A) Scatter plot of PCFI values. PCFILDPI is represented on the x-axis, and PCFINeXFIN is represented on the y-axis.
B) Bland-Altman plot of PCFILDPI and PCFINeXFIN. The x-axis shows the mean of both measurement techniques. 
The y-axis shows the absolute difference between PCFILDPI and PCFINeXFIN. The middle horizontal line repre-
sents the mean difference. The upper and lower horizontal lines stand for 95% confidence intervals of the 
difference.
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Vascular anatomy

During catheterisation, contrast images of the hand were obtained (Figure 5) and palmar 
arch anatomy was characterised. In all patients at least one of the arches was complete. 
The DPA was complete in 82% of patients, and the SPA was complete in 52%. The mean 
PCFINeXFIN did not differ between groups with different anatomy types (Coleman clas-
sification (3), p=0.73, ruengsakulrach classification (4), p=0.75). The SPA showed a larger 
mean diameter than the DPA (1.75 and 1.31 mm, p<0.01). The maximal diameter of SPA 
was positively correlated with the PCFINeXFIN (Pearson’s correlation: r=0.49, p=0.04). The 
dimensions of the DPA did not correlate with PCFINeXFIN. When the minimal diameters 
of both arches were combined, which reflects the total collateral system in the hand, a 
significant correlation with PCFINeXFIN was found (Pearson’s correlation: r=0.51, p<0.02). 
When the PCFILDPI was compared with vascular anatomy, none of the correlations 
reached statistical significance (Table 2).

Clinical outcomes

One month after the procedure, 60 patients completed the QuickDASH questionnaire 
which consists of four subcategories (pain, disability, discomfort, activity). In total, seven 
patients did not complete the questionnaire due to a switch to transfemoral catheterisa-
tion (n=4) or were lost to follow-up (n=3).
PCFINeXFIN was negatively correlated with the QuickDASH score in the categories of pain, 
activity and total (p=0.021, p<0.01, and p<0.01, respectively). Correlation with disability 
(p=0.23) and discomfort (p=0.07) did not reach statistical significance (Table 3).

figure 5. Anatomy of palmar vasculature.
An X-ray image of the hand with arterial con-
trast medium, showing the vascular anatomy. 
An arterial sheath is visible in the radial artery 
(yellow star). Contrast medium enters the 
palmar vasculature via the ulnar artery (UA), 
which continuous as the deep palmar arch 
(DPA) and the superficial palmar arch (SPA). 
Between major arteries several smaller collat-
eral connections can be seen (C).
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dIsCussIon

Laser Doppler perfusion imaging (LDPI) is the only non-invasive way to assess perfusion 
in the hand quantitatively and is considered the gold standard (17). However, due to 
costs and portability, it is not suitable for daily clinical practice. This study shows that 
the Nexfin system shows a reasonable correlation with LDPI for the measurement of 
collateral perfusion in the hand and is related to functional outcome as assessed by the 
QuickDASH score.
Collateral perfusion in the hand has been studied for several decades, primarily within 
the scope of radial artery harvesting (18, 28). The introduction of transradial percutane-
ous coronary interventions has led to a renewed interest in the collateral circulation of 
the hand. In the case of a typical palmar arch, the perfusion of the hand and its digits can 
be maintained to an adequate level when one of the donor vessels is occluded. When 
the palmar arches are both incomplete, radial artery occlusion may induce ischaemia 
of the hand (29, 30) and the transradial approach should be avoided (31). even when 
radial artery occlusion is not diagnosed, patients can develop symptoms after transra-
dial catheterisation. These symptoms are often viewed as procedural effects, and could 
be attributed to the limited palmar perfusion during transradial sheath placement. 

Table 2. Palmar arch dimensions and correlation with PCFI.

Mean±sd Correlation significance Correlation significance

(mm) PCFINeXFIN (two-tailed) PCFILDPI (two-tailed)

SPA minimal diameter 1.05±0.35 0.25 0.32 -0.19 0.91

SPA maximal diameter 2.36±0.67 0.49 0.04 0.27 0.09

SPA mean diameter 1.75±0.45 0.46 0.07 0.21 0.23

DPA minimal diameter 0.72±0.20 -0.19 0.47 -0.23 0.15

DPA maximal diameter 1.99±0.60 -0.18 0.49 0.27 0.08

DPA mean diameter 1.31±0.33 -0.14 0.58 0.02 0.93

Combined minimal diameters 2.05±0.56 0.51 0.02 0.37 0.51

Combined maximal diameters 3.47±0.60 0.01 0.96 -0.2 0.17

DPA: deep palmar arch; SPA: superficial palmar arch

Table 3. One-month post-procedure QuickDASH score.

QuickdAsh category
QuickdAsh

score
Correlation PCfIneXfIn 

(95% CI)
significance
(two-tailed)

Pain 1.40±0.73 -0.44 (-0.66, -0.16) 0.021

Disability 3.65±1.5 -0.24 (-0.50, 0.07) 0.23

Discomfort 1.47±0.83 -0.34 (-0.58, -0.04) 0.07

Activity 8.28±3.9 -0.58 (-0.75, -0.34) <0.01

Total 14.8±5.8 -0.54 (-0.77, -0.19) <0.01
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Identifying patients at risk remains a challenge. Typically, palmar collateral circulation is 
investigated with the (modified) Allen test, in which skin colour is used to objectify col-
lateral perfusion. This simple test, which can be executed without any tools or devices, 
does have some disadvantages and its place in current practice is questionable (32). 
Therefore, other tests and imaging modalities have been proposed to assess palmar 
perfusion of the hand more objectively (15, 17, 18). Although these techniques aim to 
quantify perfusion, they are based on a broad range of derivatives, such as haemoglobin 
concentration, echo Doppler and ultrasonography. As one might expect, these methods 
all have some advantages and limitations (28). LDPI is one of the few methods which 
can provide quantitative blood flow and is therefore considered the gold standard (17). 
For clinical practice, however, the immobility of the device and its costs limit its practical 
use. The Nexfin system was recently validated against invasive blood pressure monitor-
ing (33, 34), but has not yet been tested for its use in quantifying collateral perfusion 
during radial artery occlusion. Here, we show for the first time that the Nexfin system can 
also be used for the quantification of the collateral perfusion in the hand.
A potential shortcoming of the Nexfin system for assessment of the extent of the palmar 
collateral circulation is the fact that it is pressure based as opposed to LDPI which is 
based on erythrocyte flux. It should be noted, however, that coronary collateral perfu-
sion is also quantified with the pressure-based collateral flow index (CFIp), which is well 
validated and has strong prognostic value (23, 24). Furthermore, the Nexfin system is 
most probably less susceptible to environmental influences such as temperature and 
ambient light, as compared to the LDPI. This could be one explanation for the difference 
in distribution between the two methods.
Both in healthy adults and in patients with chronic total obstructions, a great variance 
is observed in CFIp (35-37). This implies a strong congenital basis for the anatomy of 
pre-existing arterial anastomoses as well as the arteriogenic response upon arte-
rial obstruction. Here we show a similar variance in the extent of the palmar collateral 
circulation as measured by PCFINeXFIN. PCFINeXFIN was related to the maximal diameter of 
the hands’ dominant vessel, as well as the total minimal diameter. This implies that, in 
patients with a good collateral response, palmar vasculature is enlarged, facilitating a 
higher blood flow. This enlargement could be due either to larger basal diameters or to 
well-functioning endothelial vasodilatation, or both. Arterial size itself is related to en-
dothelially mediated vasodilatation (38). endothelially mediated vasodilation is typically 
measured in response to an increase in shear stress during post-occlusive hyperaemia. 
For example, the radial artery diameter increases by 5% after temporary occlusion (i.e., 
transradial catheterisation) (39). In most cases, radial artery compression does not cause 
hypoxia (26), which might suggest that endothelially mediated vasodilation did not con-
tribute largely to our findings. Furthermore, we show that none of the included clinical 
parameters is significantly associated with the PCFINeXFIN. Some of these parameters are 
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associated with (impaired) collateral vessel growth (36). This might suggest that palmar 
collateral perfusion during temporary radial artery occlusion is based on pre-existing 
anatomical differences, rather than collateral artery growth.
Interestingly, PCFINeXFIN, measured prior to transradial catheterisation, is related to an im-
proved clinical outcome in terms of post-procedural hand function. Patients with a high 
PCFINeXFIN were shown to have overall lower QuickDASH scores, as compared to patients 
with a low PCFINeXFIN, one month after catheterisation. This suggests that, in patients with 
low collateral perfusion in the hand, the effects of transradial access can persist for weeks 
after the procedure. From a clinical standpoint, the Nexfin system might help operators 
in the future in their choice of access route and the use of “slender” techniques (40, 41).

limitations

There are some limitations to this study. radial artery status was investigated by angiog-
raphy at the end of the initial transradial angiography, but was not analysed in a standard 
fashion after 30 days. Furthermore, a low PCFINeXFIN was significantly associated with the 
occurrence of pain, but not with discomfort. This could be explained by the relatively 
broad definition of discomfort, which results in a greater variation among patients.

Conclusion

Here we show for the first time that the collateral perfusion in the hand can be assessed 
non-invasively by both LDPI and the Nexfin system. In patients, a larger extent of the 
collateral circulation of the hand is associated with improved clinical outcome at 30 days 
post transradial catheterisation.
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AbsTRACT

objectives

The aim of the study was to evaluate the occurrence of hand ischemia in patients with 
radial artery occlusion, using the contralateral hand as control.

background

radial artery occlusion (rAO) is a common complication (6%) after transradial access 
but rarely leads to major ischemic events due to the collateral perfusion of the hand. 
However, it has been reported that radial artery occlusion can become symptomatic, 
possibly as a consequence of hand ischemia. To evaluate the existence of exercise in-
duced hand ischemia in patients with rAO, we initiated the present study.

Methods

After a transradial coronary procedure, patients with suspicion of rAO were asked for 
study participation. After informed consent, radial ultrasound was performed. In pa-
tients with confirmed rAO, rest perfusion of the digits was analysed by laser Doppler 
digital imaging. Occurrence of ischemia during exercise was assessed with transcutane-
ous oxygen pressure (TcPO2) and thumb capillary lactate. All analyses were performed 
in both the rAO side as well as the contralateral side as control.

Results

rAO occlusion was confirmed in 18 patients. After 5 minutes of exercise there were no 
significant differences in TcPO2 (51.4 mmHg (±17.2) vs 43.9 mmHg (±15.5), p = 0.18) or 
lactate (2.0 mmol/L (±0.7) vs 2.1 mmol/L (±0.7), p = 0.80) between rAO side and control 
side. Differences in mean TcPO2 were found to be stable during exercise and not differ-
ent from baseline differences.

Conclusions

Chronic radial artery occlusion does not lead to exercise induced hand ischemia



165

8

InTRoduCTIon

Coronary catheterization is regularly performed to diagnose or treat coronary artery dis-
ease1. The femoral artery has been the default access site for many years. Currently, the 
radial artery is the preferred access route for catheterization, mainly driven by the lower 
number of access site-related complications2. Transradial access (TrA) is also considered 
as a more patient friendly approach. early mobilisation with significantly less discomfort 
may improve quality of life and shorten hospital length of stay3.
Despite the benefits of TrA, complications do occur and became more apparent when 
TrA was more widely implemented4. radial artery occlusion (rAO) is a common com-
plication with a mean incidence of approximately 6%5 and may be induced by vascular 
damage6 and inadequate post-procedural haemostatic patency protocols7.
After complete radial artery harvesting for coronary artery bypass grafting (CABG) or 
reconstructive surgery, transcutaneous oxygen pressure changes of the hand have been 
described under conditions of manual stress8 possibly as a result of diminished perfu-
sion9. Whether TrA induced rAO leads to inadequate hand perfusion during exercise is 
unknown. The palmar arterial circulation harbours various arterial-arterial connections 
leading to a very high capacity of the collateral circulation10. Between patients, there 
is heterogeneity in these connections, also in the completeness of the palmar arches 
although absence of both arches is probably extremely rare11. Also, complaints after 
rAO are seldom reported12. However, it is unknown if the collateral network is adequate 
during manual exercise and whether perfusion deficits occur in the individual digits 
during exercise, and thus might lead to upper extremity dysfunction. Here we explored 
the influence of rAO on individual digital perfusion and we evaluated if thumb ischemia 
occurs after hand exercise in patients with rAO.

MeThods And MATeRIAls

study design and population

The HIrADO study is a single center study with a prospective design. Between October 
2016 and july 2017 patients referred for coronary angiography or PCI were screened. All 
patients with loss of radial pulse, reported by their treating physician, were evaluated for 
inclusion. Patients who were unable or not willing to give informed consent and haemo-
dialysis patients with an arteriovenous fistula or other previous vascular surgery of the 
upper extremity were excluded. After obtaining informed consent, baseline characteris-
tics were noted. Also, the number of TrA’s per radial artery and days from last TrA to the 
perfusion analysis were registered. In case of the rAO side, this time interval represents 
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the days from rAO to perfusion analysis. The study protocol was approved by the local 
ethics committee and performed in accordance with the Declaration of Helsinki.

Radial and ulnar echo doppler

radial and ulnar artery Doppler, including 2-dimensional echo and color Doppler of 
both sides, was performed using a broadband linear array L12-4 transducer (Sparq, 
Philips Medical Systems, Andover (MA), USA). radial artery occlusion was defined as the 
absence of antegrade flow on Doppler studies. Pulse Doppler interrogation of waveform 
was also performed to rule out collateral flow suggesting upstream occlusion. Biphasic 
or triphasic signals was taken as normal flow, while monophasic signal was considered 
as collateral flow from an upstream block in the artery13. Also, peak systolic velocity was 
measured.

ldPI measurement

Laser Doppler Perfusion Imaging (LDPI, Moor LDI2, Moor Instruments, Devon, UK) was 
performed in all patients and in both hands. LDPI was used to assess perfusion of the 
digits. It is a quick and simple non-invasive instrument to assess blood flow in tissue 
and a potential test for rAO14. All scans were completed in a quiet and low stimulus 
room at a controlled ambient temperature between 20 and 22 degrees Celsius. Flow 
was expressed as perfusion units (PU) and calculated as a mean for a certain region of 
interest (rOI). The rOI per digit was defined as the perfusion region of the nail bed of 
each digit (figure 1).

figure 1. example of LDPI imaging in rest of both hands
regions of interest (rOI’s) were traced on the B/W photograph, using the nail bed as a reference (right 
panel). Hereafter, mean PU values per rOI were automatically calculated (left panel + table).
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Manual stress test

A manual stress test was performed by a pinchgrip of 1 kg for 5 minutes, using an elec-
tronic pinchgrip gauge (Biometrics Ltd). The arm of the patient was placed in a resting 
position on a table while holding the pinch gauge between the thumb and index finger 
(Figure 2). Hereafter, the pinch grip exercise was performed. Transcutaneous partial pres-
sure of oxygen (TcPO2) and lactate concentration were measured as described below.

Ischemic testing: TCPo2 change

TcPO2 levels were measured at baseline, during the 5-minute manual stress test and 
during 5 minutes of recovery. The probe was placed on the skin just on top of the thenar 
muscles since the radial artery directly provides blood to this musclegroup15,16 (figure 2). 
After 10-15 minutes of calibration, the baseline TcPO2 was measured and the pinchgrip 
test was started. TcPO2 values were noted every minute of exercise and recovery. The 
maximum difference between baseline and 5’ of exercise (ΔTcPO25’-BL) was calculated.

Ischemic testing: Thumb lactate change

After sedentary rest for at least 15 minutes, a single drop of blood was collected from 
both distal thumbs to assess the baseline lactate concentration. A lactate point-of-care 
(POC) analyzer (Accutrend Plus, Cobas) was used to measure the lactate concentration. 
This measurement was repeated immediately after the manual stress test. The change of 
lactate concentration was noted. Based on a previous study17, an increase of the lactate 
concentration of more than 15% was considered as a clinical significant rise.

figure 2. Pinchgrip and TcPO2 measurement
Left panel: Pinch grip with electronic gauge, right panel: TcPo2 measurement above the thenar area
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endpoints

The primary endpoint of the study was exercise induced hand ischemia, defined as a 
significant decrease of TcPO2 of the occluded hand compared to the contralateral hand 
after 5 minutes of exercise9. The secondary endpoints were differences in rest perfusion 
per digit and ulnar flow, comparing the occluded hand with the contralateral hand, and 
exercise induced hand ischemia defined as a significant increase of serum lactate of the 
rAO hand compared to the contralateral hand after 5 minutes of exercise.

statistical analysis

Baseline characteristics are presented as percentage for categorical variables and as 
mean ± standard deviation (SD) in case of a normal distribution and median (interquar-
tile range, IQr) otherwise for the continuous variables. Normality was assessed using 
histograms. TcPO2, serum-lactate, LDPI and ultrasound Doppler measurements of the 
rAO hand and the control hand after 5 minute exercise were compared using the paired 
samples T-test in case of a normal distribution and the Wilcoxon signed-rank test in case 
data was not normally distributed. Longitudinal course of TcPO2 during exercise was 
compared between the rAO hand and the control hand using a mixed linear model. 
The mixed model contained a random effect for subject and fixed effects for side (rAO 
hand versus control), time (baseline and after 1,2,3,4 and 5 minutes of exercise) and their 
interaction. A significant interaction between side and time indicates that the difference 
in TcPO2 between rAO hand and control changes during exercise. Proportions of rAO 
and control hands with ischemia were compared using McNemar’s test. All statistical 
tests were two-tailed, and a p-value of <0.05 was considered as statistically significant. 
All statistical analyses were performed with SPSS for Windows version 22.0 (SPSS Inc., 
Chicago (IL), USA).
A power analysis was made to determine the sample size. Due to limited research on this 
topic, the power analysis was based on a single study, evaluating the difference of TcPO2 
of the hand during exercise after complete removal of the radial artery compared to the 
contralateral hand9. In that study, the maximum difference was found after 5 minutes of 
exercise (29 vs 46 mmHg, SD 18 mmHg)9. A power analysis assuming a clinical relevant 
difference of 17 mmHg, standard deviation for TcPO2 of 18 mmHg and a within-patient 
correlation of 0.1, showed a sample size of 18 patients to yield 80% power when testing 
with a paired sample t-test at a two-sided significance level of 5%.

ResulTs

A total of 2278 patients were referred for angiography and eventually 40 patients with 
suspected rAO were reported by their physician and asked to participate. There were 
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no patients with exclusion criteria; 2 patients had no rAO at the time of ultrasound 
examination, 16 patients did not give informed consent for several reasons (mostly too 
much time investment and logistic reasons). eventually, 22 patients were included in the 
study. Four patients appeared to have double-sided rAO, leaving 18 patients for analysis 
(fi gure 3). In 16 of these 18 patients the contralateral radial artery was chosen as alterna-
tive access site. The procedure of the other 2 patients was performed by femoral access.

baseline results

The mean age of the study sample was 64 ± 9 years and 50% was male. Baseline patient 
characteristics are presented in table 1. The number of transradial procedures per limb 
did not signifi cantly diff er, however, the time to last TrA in the rAO hand was signifi -
cantly longer than in the contralateral hand (resp median 486 days, IQr; [166, 1213]) vs 
115 days (IQr: [24, 157]), p < 0.001).

flow measurements at rest

The radial and ulnar fl ow measured by ultrasound Doppler and the microcirculatory fl ow 
per digit measured by LDPI and is tabulated in table 2. The ulnar fl ow of the side with 
rAO was signifi cant higher than in the contralateral side (96 cm/s (±38) vs 70 cm/s (± 30), 
p = 0.002) but no diff erence in fl ow per digit was found. However, the delta PU between 
D5 and D1 of the occluded side was signifi cant higher than the delta of the open side (61 
PU (±141) vs 10 PU (±135), p = 0.03).

TcPo2 measurements

There was no diff erence in meanTcPO2 values between the occluded side and the contra-
lateral side at baseline nor after 5 minutes of exercise (respectively 49.2 mmHg (±17.6) vs 
40.1 mmHg (±14.2), p = 0.09 at baseline and 51.4 mmHg (±17.2) vs 43.9 mmHg (±15.5), 
p = 0.18 at 5 minutes, table 2) and there was no signifi cant TcPO2 change per hand 

figure 3. Flow chart patient selection
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Table 1. Baseline characteristics

Number of patients n = 18

Age 64 (±9)

Gender female 9 (50%)

Length 171 (±9)

Weight 80 (±18)

Diabetes 6 (33%)

Hypertension 10 (56%)

Hyperchol 13 (72%)

Smoking 6 (33%)

Prev MI 8 (44%)

Prev CABG 3 (17%)

Prev PCI 16 (89%)

PAD 3 (17%)

renal failure 1 (6%)

P2Y12 blocker 11 (61%)

Aspirin 15 (83%)

ACe-I 13 (72%)

B-blocker 12 (67%)

Statin 17 (94%)

Nitrate 9 (50%)

Calcium blocker 5 (28%)

Prev = previous, MI = myocardial infarction, CABG = coronary bypass grafting, PCI = percutaneous coronary 
intervention, PAD = peripheral artery disease, ACe-I = angiotensin converting enzyme inhibitor

figure 4. Spaghetti plots primary outcome: TcPO2 change baseline versus after 5 minutes of exercise
Left panel: TcPO2 change open side, right panel: TcPO2 change occluded side
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(figure 4). Also, at no other point in time during exercise and recovery, the difference 
in TcPO2 was significant (figure 5). In a mixed model analysis, no difference was found 
between the rAO side and contralateral side during exercise (p-value interaction mixed 
model: p = 0.99). When the interaction was dropped from the model, mean TcPO2 values 
were not depending on time of measurements (p = 0.85) and, taking all 6 measurements 
into account, mean TcPO2 values were found to be higher in the rAO hand than in the 
contralateral hand (mean difference 7.05, 95% CI: [3.96, 10.1], p < 0.001).

Table 2. baseline characteristics per side and measurements

Number of patients: 18 Open side rAO side P value

number of TRA’s

0 2 (11%) 0 (0%) 0.49

1 13 (72%) 15 (83%) 0.69

2 3 (17%) 3 (17%) 1.00

days from TRA (IQR) 115 (24, 157) 486 (166, 1213) < 0.001

flow at rest

Ultrasound Doppler

Ulnar flow 70 cm/s (±30) 96 cm/s (±38) < 0.01

radial flow 79 cm/s (±38) ….

Laser Doppler

rOI D1 336 PU (±130) 314 PU (±94) 0.25

rOI D2 318 PU (±174) 328 PU (±144) 0.68

rOI D3 325 PU (±171) 334 PU (±156) 0.61

rOI D4 348 PU (±191) 335 PU (±165) 0.44

rOI D5 347 PU (±203) 375 PU (±163) 0.16

Diff D5-D1 10 PU (±135) 61 PU (±141) 0.03

Ischemia testing

TcPO2 at baseline 40.1 mmHg (±14.2) 49.2 mmHg (±17.6) 0.09

TcPO2 at 1’ 40.2 mmHg (±14.7) 48.3 mmHg (±18.1) 0.14

TcPO2 at 2’ 40.9 mmHg (±14.9) 47.7 mmHg (±17.4) 0.20

TcPO2 at 3’ 42.4 mmHg (±15.0) 48.3 mmHg (±17.4) 0.27

TcPO2 at 4’ 42.8 mmHg (±16.2) 48.6 mmHg (±18.1) 0.33

TcPO2 at 5 ‘ 43.9 mmHg (±15.5) 51.4 mmHg (±17.2) 0.17

TcPO2 diff BL-5 min exercise 3.8 mmHg (±8.0) 2.2 mmHg (±7.5) 0.29

Lactate after 5 min exercise 2.1 mmol/L (±0.7) 2.0 mmol/L (±0.7) 0.80

Lactate diff 5 min exercise-BL 0.1 mmol/L (±0.7) 0.1 mmol/L (±0.6) 0.89

Lactate rise > 15% 5 (28)% 6 (33%) 0.60

rAO = radial artery occlusion, TrA = transradial access, IQr = inter quartile range, rOI = region of interest, 
PU = perfusion units, TcPO2 = transcutaneous oxygen pressure
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figure 5. Mean TcPO2 measurement
Mean TcPO2 per point in time of the open side (dotted line) compared to the occluded side (solid line)

figure 6. Patients with lactate rise
Percentage of patients with clinical important lactate rise (defi ned as a lactate level after exercise of more 
than 15% compared to the baseline value)
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lactate measurements

There was no significant difference in serum level of lactate of the open side compared 
to the occluded side after 5 minutes of exercise (2.1 mmol/L (±0.7) vs 2.0 mmol/L (±0.7), 
p = 0.80). The proportion of hands with significant lactate rise did not differ between the 
open side and the occluded side (5/17 (28%) vs 6/17 (33%), p = 1.00, figure 6). A mixed 
model analyses including both baseline and exercise measurements showed no differ-
ence in mean serum level of lactate between the open side and occluded side (p=0.63). 
Mean serum level of lactate was also found not to differ between baseline and after 5 
minutes of exercise (p=0.60).

dIsCussIon

In the current study, rAO after TrA did not lead to signs of digital ischemia during exer-
cise or a decrease of digital perfusion at rest. Compensatory increased arterial flow was 
observed in the ipsilateral ulnar artery.
Acute ischemic complications after rAO are extremely rare and often concern isch-
emic sequel of embolization instead of hypoperfusion caused by rAO itself18,19. To our 
knowledge, only one study has evaluated exercise induced hand ischemia in patients 
after radial harvesting9. In contrast to our results, the authors found a significant drop in 
TcPo2 during hand exercise after complete removal of the radial artery.
The digital blood supply is mainly provided by the radial and ulnar artery with the palmar 
arches as most important conduits. Theoretically, incompleteness of the palmar arches 
may lead to digital ischemia after rAO. In a recent publication11, SPA incompleteness 
assessed by angiography was correlated with pre-procedural non-invasive testing of the 
palmar arches. However, in the same study incompleteness of both palmar arches was 
non-existing in a large population undergoing invasive hand angiography. Collateral 
filling of the hand was not only depending on the DPA or SPA, but also on interosseous 
connections and persistent median arteries. This might explain why exercise induced 
hand ischemia is present in patients with incomplete SPA’s after complete radial artery 
removal, while collateral supply is sufficient via interosseous connections in case of only 
a short distance occlusion as in rAO. It is also in line with the recently published rADAr 
study, where no correlation between lactate rise and Allen’s test results was found 
during radial artery obstruction caused by sheath insertion17. The role of each of these 
collateral pathways after rAO has to be clarified in future studies.
Two other studies have investigated the relation between perfusion and hand function 
in patients undergoing TrA. The HANGAr study investigated hand strength after TrA. In 
this study there was a temporarily reduction in hand force seen with full recovery after 
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one month. No difference was seen in a small subgroup of patients with rAO in this 
study20.
In our study, inclusion of patients was dependent of physician’s referral. In fact, out of 
2278 patients undergoing TrA in the study period, only 40 patients were referred for 
having pulselessness. This might have created a selection bias. Also, only a small group 
of patients was analysed, though the study was adequately powered based on another 
study and in-patient controls.
Although we did not detect a significant TcPo2 drop after exercise, the baseline TcPO2 
values of the occluded hand were unexpectedly higher than the control hand. TcPo2 
levels are depending on the skin microcirculation and as a result of chronic (proximal) 
radial occlusion; mobilisation of extensive collateral networks may also take place on 
skin level. The higher TcPO2 levels may reflect this reactive skin hyperaemia.
The study was adequately powered based on existing information and using an in-
patient control protocol. However, the stress test may have been too light. Using the 
pinch grip, mostly intrinsic (radial-artery dependent) muscles are used21 and although 
our subjects experienced the test as very strenuous, all patients could finish it. Accord-
ing to occupational therapists (personal communication), holding 1 kg in pinch grip 
during 5 minutes is a significant effort in daily life, nevertheless the exercise load may 
have been too little. The only stress protocol described for testing hand ischemia was a 
manual grip test9. By this effort not only intrinsic thenar muscles are used but also the 
more proximal extrinsic muscle groups, which are not depending on distal radial artery 
perfusion. Our intention was only to measure effects of rAO on the distal radial artery 
perfusion area to answer the study question.
In most cases, after detection of rAO, the radial artery of the control arm was used for 
TrA and thus this procedure was done more recently than the last procedure of the 
occluded side. endothelial dysfunction after TrA might have influenced the perfusion 
parameters of the control arm. On the other hand, most procedures on the open side 
were done more than 3 months apart from study measurements and endothelial dys-
function after TrA is known to normalize within 1 month22.
In conclusion, we could not find any sign of exercise induced hand ischemia after TrA 
induced radial artery occlusion in this population. This is an important finding for guid-
ing therapy in patients experiencing complaints after TrA. In most cases complaints 
may be rather linked to nerve trauma than vascular damage and therapy for complaints 
should be focussed on hand rehabilitation rather than revascularisation if acute isch-
emia is absent. Nevertheless, prevention of radial artery injury and occlusion remains 
a very important goal for several other reasons (remaining vascular access for future 
procedures, radial artery use for dialyses shunts or CABG).
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Conclusion

Chronic radial artery occlusion does not cause exercise induced hand ischemia as mea-
sured by transcutaneous oxygen pressure or thumb lactate levels.
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AbsTRACT

Microvascular injury is present in a large proportion of patients with ST-elevation 
myocardial infarction (STeMI) despite successful revascularization. Ticagrelor potentially 
mitigates this process by exerting additional adenosine-mediated effects. This study 
aims to determine whether ticagrelor is associated with a better microvascular function 
compared to prasugrel as maintenance therapy after STeMI.
110 Patients presenting with STeMI and additional intermediate stenosis in another 
coronary artery will be studied after successful percutaneous coronary intervention (PCI) 
of the infarct-related artery. Patients will be randomized to treatment with ticagrelor or 
prasugrel for 1 year. FFr-guided PCI of the non-infarct-related artery will be performed 
at one month. Microvascular function will be assessed by measurement of the index 
of microcirculatory resistance (IMr) in the infarct-related artery and non-infarct-related 
artery, immediately after primary PCI and after one month.
The reDUCe-MVI study will establish whether ticagrelor as a maintenance therapy may 
improve microvascular function in patients after revascularized STeMI.
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InTRoduCTIon

Percutaneous coronary intervention (PCI) in patients with ST-elevation myocardial in-
farction (STeMI) leads to an improved patency rate of the infarct-related artery, a lower 
incidence of heart failure and ultimately an improved survival as compared to throm-
bolytic treatment [1]. However, problems that frequently occur after restoration of the 
epicardial blood flow are inadequate myocardial reperfusion and microvascular injury 
(MVI) [2].
MVI can be visualized by non-invasive methods using cardiovascular magnetic resonance 
imaging (CMr) or measured by invasive methods such as intracoronary thermodilution 
[3]. MVI as assessed by CMr is related to left ventricular remodeling and clinical outcome 
after STeMI [4, 5].
From the acute to late phase of a revascularized myocardial infarction several mediators 
are thought to contribute to the development of MVI. These factors involve the appear-
ance of intraluminal platelets, fibrin thrombi and neutrophilic granulocytes, resulting 
in inflammatory cell plugging, formation of microthrombi, endothelial activation and 
injury and finally microvascular injury. Vasoconstriction follows as a result of endothelial 
dysfunction with decreased levels of nitric oxide and increased levels of endothelin-1. 
Furthermore, the imbalance in coagulation factors and influx of inflammatory cells can 
cause vascular leakage and hemorrhage [6, 7]. Adenosine, a substance naturally present 
in the blood, has an inhibitory effect on several of these processes [8, 9].
Currently, in patients with STeMI, the P2Y12-receptor antagonists ticagrelor and pra-
sugrel, in addition to aspirin, are the recommended antiplatelet drugs according to 
european and American guidelines [10, 11]. The efficacy of ticagrelor and prasugrel in 
reducing platelet activity is comparable [12]. The long-term effects on clinical outcome 
are presently subject to investigation [13]. Interestingly, ticagrelor, besides its anti-
platelet effects, increases adenosine concentration in the blood plasma by inhibition 
of intracellular re-uptake and might therefore have an additional beneficial effect by 
preventing MVI [14-17]. Therefore, we designed a randomized study, comparing the 
effects of ticagrelor and prasugrel on MVI and endothelial dysfunction after STeMI.

Methods

The reDUCe-MVI study is a multicenter trial with a prospective, randomized, open-
label, blinded-endpoint (PrOBe) study design. Current participating centers are the 
VU University Medical Center (Amsterdam, the Netherlands), the erasmus Medical 
Center (rotterdam, the Netherlands), the Medisch Spectrum Twente (enschede, the 
Netherlands) and the Hospital Clínico San Carlos (Madrid, Spain). All procedures that 
will be performed in this study involving human participants are in accordance with the 
ethical standards of the institutional and national research committee and with the 1964 
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Helsinki declaration and its later amendments or comparable ethical standards. A fl ow 
chart of the study design is shown in Figure 1.

14	  
	  

Fig. 1 Flow chart of the REDUCE-MVI study. CMR: cardiovascular magnetic resonance, 423	  

IMR: index of microcirculatory resistance, OCT: optical coherence tomography, PCI: 424	  

percutaneous coronary intervention, RHI: reactive hyperemia index, STEMI: ST-elevation 425	  

myocardial infarction 426	  

 427	  
  428	  
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Follow-‐Up	  
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figure 1. Flow chart of the reDUCe-MVI study. CMr: cardiovascular magnetic resonance, IMr: index of 
microcirculatory resistance, OCT: optical coherence tomography, PCI: percutaneous coronary intervention, 
rHI: reactive hyperemia index, STeMI: ST-elevation myocardial infarction

Patient enrolment

On hospital arrival, patients presenting with an acute STeMI will be screened for par-
ticipation in the study according to the inclusion and exclusion criteria (Table 1). ST-
elevation criteria are used according to current eSC guidelines [10]. After successful PCI, 
witnessed oral informed consent will be obtained and documented, before proceeding 
with study measurements. After the procedure, written informed consent in native lan-
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guage will be obtained from all individual participants that will be included in the study. 
Hereafter, patients will be randomized to treatment with either ticagrelor or prasugrel. A 
total of 110 patients will be enrolled in the study.

Table 1. Inclusion and exclusion criteria DeS: drug-eluting stent, MrI: magnetic resonance imaging, PCI: 
percutaneous coronary intervention, STeMI: ST-elevation myocardial infarction

Inclusion criteria exclusion criteria

Acute STeMI < 12 hours
The patient has received a loading dose
ticagrelor 180 mg before start of PCI
Successful PCI of the infarct-related artery
with a modern DeS
Intermediate stenosis in a non-infarct-related artery 
(50-90%)
Provision of informed consent

Age < 18 or ≥ 75
Body weight < 60 kg
History of myocardial infarction, coronary artery 
bypass graft, stroke or transient ischemic attack
Congestive heart failure, left ventricle ejection fraction 
< 35%
Severe liver or kidney dysfunction
Bleeding diathesis, platelet count
< 100 000/mm3

Indication or use of (novel) oral anticoagulant therapy
Cardiogenic shock
Chronic total occlusion, left main disease
Inability or contra-indication for MrI
Inability to be followed on-site
Limited life expectancy

Coronary Angiography and Revascularization at Index and 1 Month

PCI will be performed according to standard procedures and is left to the discretion of 
the operator. All patients will receive a loading dose of heparin, aspirin and the P2Y12 
inhibitor ticagrelor in the ambulance before primary PCI with a third-generation drug-
eluting stent (DeS) (standard of care in participating centers). After successful primary 
PCI, myocardial tissue perfusion of the infarct-related area will be assessed by determin-
ing the myocardial blush grade [18].
After 1 month patients will undergo clinically indicated FFr-guided PCI of the intermedi-
ate lesion in the non-infarct-related artery.

Pharmacologic Treatment

Patients will be randomly assigned to use either ticagrelor 90 mg BID or prasugrel 10 mg 
SID as a maintenance therapy continued for 1 year according to current international 
guidelines [19]. Concomitant medical therapy will be left to the discretion of the treating 
physician.

endpoints

The primary objective of this study is to determine whether ticagrelor at treatment 
steady-state in revascularized STeMI patients is associated with an improved microvas-
cular function as measured with IMr, compared to prasugrel. Both treatment groups are 
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subjected to the same measurements at three time points. The function of the coronary 
microcirculation is considered as primary endpoint which will be assessed by determin-
ing the index of the microcirculatory resistance (IMr) [3]. Microcirculatory resistance 
measurements of the infarct-related artery and secondarily of the non-infarct-related 
artery will be performed directly after primary PCI and after 1 month. Secondary end-
points will be coronary endothelialization, left ventricular function and infarct size at 1 
month; peripheral endothelial function and several biochemical markers of endothelial 
function, measured at baseline and at follow-up after 1 month and 1 year.

Index of Microcirculatory Resistance

IMr in the infarct-related artery will be measured after 1 month and compared to IMr 
immediately after primary PCI. Secondly, IMr in the non-infarct-related artery will be 
determined after 1 month and compared to measurements at baseline (Figure 2).
By using a coronary pressure and temperature sensitive guidewire (Certus™, ST jude 
Medical, Uppsala, Sweden) and modified software, the transit time of room-temperature 
saline injected in a coronary artery can be determined. After an intracoronary injection 
of 200 mcg nitroglycerine to establish epicardial coronary vasodilatation, the guidewire 
is calibrated outside the body, equalized with aortic pressure at the ostium of the guide 
catheter, and then advanced into the distal third of the artery and distal to the stent in 
the infarct-related artery. The mean transit time at baseline is obtained by administering 
three times 3 mL of intracoronary saline. Thereafter, hyperemia is induced by adminis-
tering adenosine at 140 mcg/kg per minute intravenously and measurement of mean 
transit time is repeated. Aortic and distal coronary pressure are recorded simultane-
ously. The distal coronary pressure divided by the inverse of the hyperemic mean transit 
time then provides the index of the microcirculatory resistance. This calculation will be 
performed by independent and blinded analysts in a core laboratory.

optical Coherence Tomography

Optical Coherence Tomography (OCT) will be performed at 1 month with a Dragonfly™ 
OCT catheter (St jude Medical, St. Paul, MN, USA) using a motorized pullback device. 
OCT pullbacks will be performed at a speed of 20 mm/s in the infarct-related and 
non-infarct-related arteries, using in general a contrast flush rate of 3 mL/s in the right 
coronary artery and 4 mL/s in the left coronary artery. The occurrence of subclinical 
stent thrombus, stent malposition and edge dissections will be assessed. All acquired 
images are sent to a core laboratory for blinded evaluation (endothelial aspects of the 
infarct- and non-infarct-related artery) using a standardized protocol.
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figure 2. Primary PCI procedure with subsequent measurement of the IMr. a angiographic demonstration 
of the presence of a subtotal occlusion of the right coronary artery (rCA) in its mid portion and b Final 
result after successful reopening of the rCA with subsequent implantation of two DeS stents; c Measure-
ment of the IMr. The recording is obtained from a pressure wire in the mid of a right coronary artery of a 
patient after primary PCI. The panel is divided into two windows; the upper window displays the pressure 
segments recorded during each saline injection, separated from each other by white vertical lines (mean 
proximal arterial pressure (Pa)=91 and mean distal arterial pressure (Pd)=81 result into a fractional flow re-
serve (FFr)=0.89). The lower graph displays saline injections at baseline (blue) and during hyperemia (yel-
low). Between the two graphs are mean transit time values at baseline (preceded by “Bas”), and during 
hyperemia (preceded by “Hyp”)

Peripheral endothelial function

The peripheral endothelial function will be measured within 24 hours after primary PCI, 
at 1 month and 1 year follow-up.
endoPAT® (Itamar Medical Ltd, Caesarea, Israel) is a validated device indicated for non-
invasive endothelial and microvascular function assessment [20-22]. endoPAT® will be 
used to measure the finger arterial pulsatile volume changes that indicate changes in 
vascular tone, by modified plethysmographic probes placed on the index finger of each 
hand [23]. The measurements will be performed at rest in a convenient, low stimulus 
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environment. each recording consists of subsequently 5 minutes of baseline measure-
ment, 5 minutes of occlusion time of the brachial artery by a blood pressure cuff and 
5 minutes post-occlusion measurement (hyperemic period). Measurements will be 
performed on the contralateral arm of the access site of angiography. The access site 
extremity is used as a reference to control for concurrent non-endothelial dependent 
systemic changes in vascular tone.
The reactive hyperemia index (rHI) and its natural logarithm are then calculated as the 
ratio of the magnitude of the average post-occlusive pulse volume amplitude to the 
average pre-occlusion pulse volume amplitude, corrected for baseline vascular tone.

Cardiovascular Magnetic Resonance

After 1 month and optionally at baseline (day 2-7), CMr will be performed with a 1.5 or 
3.0 Tesla scanner using a phased array cardiac receiver coil. All images are eCG-gated 
and acquired during mild end-expiration breath-holding. Cine long and short axis slices 
are obtained to examine regional and global left ventricular function, volumes and ejec-
tion fraction. evaluation of myocardial ischemia will be assessed with first pass perfusion 
imaging of a gadolinium-based contrast agent during the administration of 140 mcg/
kg per minute of adenosine intravenously. Finally, late gadolinium-enhanced (LGe) im-
ages are acquired 10 minutes after perfusion imaging, to identify the size and extent of 
myocardial infarction, and in addition, the presence and extent of microvascular injury. 
When performed at baseline, T2-weighted imaging will be acquired in short axis planes 
for the detection of intramyocardial hemorrhage and infarct-related edema. All CMr 
analyses will be performed in a core laboratory by blinded observers using a standard-
ized protocol.

blood collection and storage

Blood samples for laboratory testing will be drawn at baseline, at 1 month and 1 year 
follow-up according to standard procedures. The testing includes standard biochemis-
try and hematology tests (e.g. renal function tests, cardiac biomarkers, lipid profile and 
blood cell counts). Furthermore, extra blood samples will be collected and stored at 
-80 °C. At the end of the study all samples will be analyzed by the laboratory at the VU 
University Medical Center. The plasma levels of ticagrelor will be examined as well and 
P2Y12 inhibition levels will be assessed by VerifyNow testing (Accumetrics, San Diego, 
California) . The effect of ticagrelor on inflammatory markers and cells, such as cell adhe-
sion molecules and monocytes will be studied concomitantly. In addition, the level of 
biochemical markers for endothelial function, like asymmetrical dimethylarginine will 
be measured, which allows linking these results to the microvascular function.
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Registration of adverse events

Adverse events (Aes) are evaluated and registered during index hospitalization, at 
1 month and 1 year follow-up. Aes occurring in external participating centers will be 
reported to the sponsor. A serious adverse event (SAe) is a severe undesirable event 
in which there was not necessarily causality with the study. The relationship of SAes to 
study treatment or procedures will be assessed by the investigators and communicated 
to AstraZeneca.
As a safety measure, bleeding complications will be monitored during the entire study 
period, categorized to the most recent criteria (Bleeding Academic research Consor-
tium, Thrombolysis In Myocardial Infarction [24] and Global Use of Strategies to Open 
Occluded Coronary Arteries [25]) and analyzed for both treatment groups.
Once a year the sponsor will submit a safety report to the accredited medical ethics 
committee and competent authority. After 50% inclusion an interim analysis will be 
performed, with respect to safety endpoints, Aes and SAes. An independent Data Safety 
Monitoring Board, composed of experienced cardiologists and a statistician, will be 
responsible for reviewing patient safety and study integrity.

sample size Calculation

The study is powered using a superiority design with the null hypothesis that IMr will 
be significantly improved in the ticagrelor group in comparison to the prasugrel group. 
A difference of IMr means of 7 at 1 month follow-up between the two treatment groups, 
with a standard deviation of 12 is expected [26]. To be able to reject the null hypothesis 
that the means of both treatment groups are equal with a power of 80% (with signifi-
cance level α=0.05), 47 subjects in each group are required. Assuming a loss of follow-up 
of maximally 15%, it will be necessary to include a total of 110 patients in the study. 
After 50% inclusion (n=55) with complete 30-day follow-up an interim analysis will be 
performed to verify the assumed standard deviation, and if necessary we might adjust 
the total sample size needed to achieve an adequate power.

dIsCussIon

Optimal therapy of STeMI requires both treatment of the macrovasculature and the mi-
crovasculature. Over the years, treatment of the macrovasculature has improved notably. 
Due to refined stent designs and more biocompatible polymers on drug-eluting stents, 
the prevalence of acute stent thrombosis and restenosis has been reduced significantly. 
However, inadequate myocardial perfusion after restoration of the epicardial blood flow 
by primary PCI is present in a large proportion of STeMI patients. Nearly 50% of the final 
myocardial infarct size is due to myocardial reperfusion injury and thus a logical target 
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for reducing myocardial infarct size can therefore be reduced, thereby maximizing the 
benefits of reperfusion [27].
The cornerstone of treatment of patients after STeMI is antithrombotic therapy with 
a P2Y12-receptor antagonist and aspirin. According to current eSC and ACCF/AHA 
guidelines both ticagrelor and prasugrel have a class 1B recommendation for use after 
STeMI(10;11). Both of these drugs have advantages over clopidogrel as they achieve a 
more rapid, consistent and stronger platelet inhibition than clopidogrel with improved 
outcomes(28;29). With regard to the efficacy in inhibiting platelet function, ticagrelor 
and prasugrel have comparable effects [12]. Currently, the ISAr-reACT 5 study is enroll-
ing patients to compare ticagrelor and prasugrel for clinical outcome [13].
It has been shown that ticagrelor, besides its antiplatelet effects, also has the potency 
of increasing the plasma concentration of endogenous adenosine in patients with 
acute coronary syndromes. Adenosine is produced particularly after tissue damage by 
hypoxia and ticagrelor has the ability to inhibit intracellular uptake through the adenos-
ine equilibrative nucleoside transporter 1 (eNT1). Prasugrel and clopidogrel, two other 
P2Y12-receptor antagonists, do not mediate such conservation of the plasma adenosine 
concentration [15, 16]. This indicates that ticagrelor might be a superior drug for treating 
STeMI.
There is evidence that elevations of adenosine reduce the inflammatory response in the 
different phases after revascularized myocardial infarction, by interfering with the pro-
duction of inflammatory mediators and oxygen species and neutrophil trafficking [8, 9].
In the acute phase of myocardial infarction, myocardial damage is enhanced by the 
formation of microthrombi as a result of a hypercoagulable state and by inflammatory 
cell clogging of the intramyocardial microvasculature. In the early phase (hours to days) 
infiltrating cells further amplify damage, as an influx of blood-borne inflammatory cells 
leads to production of inflammatory mediators and tissue destructive agents such as 
metalloproteinases [30]. In the late phase of myocardial infarction (days to months), 
which is characterized by irreversible damage of the microcirculation, adenosine might 
also have beneficial effects, as it stimulates at elevated levels angiogenesis by the in-
duction of endothelial progenitor cell migration [31]. Only effective angiogenesis and 
arteriogenesis will be able to restore microvascular and macrovascular tissue perfusion 
to prevent increased scarring. Furthermore, adenosine may have a stimulatory effect 
on endothelial healing, which may be particularly favorable in patients who underwent 
successful primary PCI for STeMI.
In these ways adenosine might reduce ischemia and reperfusion injury, preserving mi-
crovascular function. This might be most important for patients with STeMI, as coronary 
microvascular injury and dysfunction appear to be most pronounced in this patient 
group, compared to patients with non-ST-elevation acute coronary syndrome [32].
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In the reDUCe-MVI study we aim to investigate the potential adenosine-mediated ef-
fects of ticagrelor with several outcome parameters, especially IMr to determine the 
effect on coronary microvascular function.
In the coming years more insight into the biochemical mechanisms involved in STeMI 
may be expected, which may hopefully lead to the development of more specific drugs 
for microvascular preservation. Along this line, the reDUCe-MVI study is focused in more 
detail on current therapeutic options to retain microvascular integrity and function in 
patients with STeMI.

ClinicalTrials.gov Identifier number

NCT02422888
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AbsTRACT

background

Despite successful restoration of epicardial vessel patency with primary percutaneous 
coronary intervention (pPCI), coronary microvascular injury (MVI) occurs in a large pro-
portion of STeMI patients, adversely affecting clinical and functional outcome. Ticagrelor 
has been reported to increase plasma adenosine levels, which might have a protective 
effect on the microcirculation. We investigated if ticagrelor maintenance therapy after 
revascularized STeMI is associated with less MVI compared to prasugrel maintenance 
therapy.

Methods

A total of 110 STeMI patients received a loading dose of ticagrelor and were randomized 
to maintenance therapy of ticagrelor (n=56) or prasugrel (n=54) after pPCI. The primary 
outcome was MVI at 1 month, as determined with the index of microcirculatory resis-
tance (IMr) in the infarct-related artery. Cardiovascular magnetic resonance imaging 
was performed during the acute phase and at one month.

Results

The primary outcome of IMr was not superior in ticagrelor or prasugrel treated patients 
(ticagrelor 21 [15-39] U, prasugrel 18 [11-29] U, p=0.08). recovery of microcirculatory re-
sistance over time was not better in patients with ticagrelor versus prasugrel (ticagrelor 
-13.9 U vs. prasugrel -13.5 U, p=0.96). Intramyocardial hemorrhage was observed less 
frequently in patients with ticagrelor (23% vs. 43%, p=0.04). At one month no difference 
in infarct size was observed (ticagrelor 7.6 [IQr 3.7-14.4] g, prasugrel 9.9 [IQr 5.7-16.6] 
g, p=0.17). The occurrence of microvascular obstruction was not different in patients on 
ticagrelor (28%) or prasugrel (41%, p=0.35). Plasma adenosine concentrations were not 
different during the index procedure and during maintenance therapy with ticagrelor 
or prasugrel.

Conclusion

In patients with STeMI, ticagrelor maintenance therapy was not superior to prasugrel in 
preventing MVI in the infarct-related territory as assessed by IMr and this resulted in a 
comparable infarct size at one month.
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InTRoduCTIon

The recommended treatment of ST-elevation myocardial infarction (STeMI) by clinical 
guidelines includes prompt mechanical reperfusion with primary percutaneous in-
tervention (pPCI) and concomitant antithrombotic therapy with a P2Y12 inhibitor plus 
aspirin1. Based on two landmark trials, ticagrelor and prasugrel are recommended over 
clopidogrel because of stronger and more rapid platelet inhibition and superior effi-
cacy2, 3. Comparisons between ticagrelor and prasugrel are scarce and primarily based 
on observational data4, 5, with the exception of the Prague-18 randomized trial that 
compared the efficacy and safety of both thienopyridines in patients undergoing pPCI 
for acute MI, and failed to show any differences in patient outcomes at short-term6. Of 
note, these studies have focused on the antithrombotic potency of both drugs, and not 
on other (off-target) specific pharmacological effects that might have a salutary effect 
on reperfused myocardium. One of such off-target properties is the unique ability of 
ticagrelor to block the equilibrative nucleoside transporter (eNT) -1 receptor, increasing 
local extracellular adenosine levels, particularly at sites of increased adenosine forma-
tion such as ischemia and tissue injury7. Adenosine is a microcirculatory vasodilator and 
thus ticagrelor mediated increased plasmatic adenosine levels might reduce coronary 
microvascular injury (MVI) caused by reperfusion damage in revascularized STeMI, 
which was previously documented in experimental studies8. It was demonstrated that 
adenosine-induced coronary blood flow could be enhanced by ticagrelor9 and resulted 
in improved peripheral microvascular function, which could not be observed with pra-
sugrel or clopidogrel10. The high incidence of MVI and the associated important prog-
nostic implications makes this condition a key treatment target in STeMI11, 12. MVI may be 
quantified with either the index of microcirculatory resistance (IMr), a thermodilution 
derived intracoronary physiology index, or with late gadolinium enhancement (LGe) 
cardiovascular magnetic resonance (CMr), which is strongly associated with mortality 
in revascularized STeMI13.
We have conducted a randomized clinical trial to determine whether after an initial 
loading dose with ticagrelor, ticagrelor maintenance therapy following pPCI in STeMI 
reduces MVI, compared to maintenance therapy with prasugrel. The study also aimed 
to establish the effect of ticagrelor and prasugrel therapy on microvascular obstruction 
(MVO), intramyocardial haemorrhage (IMH) and infarct size as determined with CMr.
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MeThods

study design, participant selection and outcome measurements

The reDUCe-MVI trial [NCT02422888] is a multicenter superiority trial with a Prospective 
randomized Open Blinded endpoint (PrOBe) design. The study complies with the Dec-
laration of Helsinki and the study was approved by the institutional review board (local 
medical ethics committee). Upon request, the analytic methods will be made available 
to other researchers for purposes of reproducing the results or replicating the proce-
dure, the data and study materials will not be made available. The trial was conducted 
in 6 centres in the Netherlands and Spain and the study design has been published 
previously14. In brief, patients were eligible for study participation when they presented 
with STeMI1 <12 hours after onset of symptoms, received a loading dose of ticagrelor 
(180mg), underwent successful pPCI of the infarct-related artery with a drug eluting 
stent and had a concomitant intermediate lesion in the non-infarct related vessel(s). The 
latter inclusion criterion was introduced to avoid repeat invasive procedures solely for 
study purposes. When all in- and exclusion criteria were fulfilled (Supplemental Meth-
ods 1) and witnessed oral informed consent was obtained, patients were subjected to 
intracoronary physiology measurements during the index procedure. After the index 
procedure patients were asked to confirm study participation by written informed con-
sent. Subsequently, patients were randomized to ticagrelor or prasugrel maintenance 
therapy (permuted block randomization with randomly selected block sizes, stratified 
according to study centre). All patients received a loading dose of ticagrelor pre pPCI. 
Patients randomized to ticagrelor continued with ticagrelor 90 mg BID whereas patients 
randomized to prasugrel received a loading dose of 60 mg and then continued with pra-
sugrel 10 mg SID to mitigate increased platelet reactivity after switching from ticagrelor 
to prasugrel as earlier reported15.
The primary aim was to determine if ticagrelor maintenance therapy as compared to 
prasugrel maintenance therapy is associated with less MVI as assessed by IMr in the 
infarct-related artery at one month follow-up. IMr assessment was performed simul-
taneously with FFr measurement at one month follow-up. CMr derived MVO and IMH 
at the acute phase and infarct size and LVeF at 1 month were considered as secondary 
outcome measures. As a safety objective, we compared the occurrence of bleeding 
complications between patients on ticagrelor or prasugrel maintenance therapy during 
one month follow-up, classified by the BArC criteria16. Major adverse clinical events were 
prospectively collected between the index event and one month follow-up and included 
death, myocardial infarction, stent thrombosis and coronary revascularization17, 18.
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Intracoronary hemodynamic physiology indices

Coronary flow reserve (CFr), IMr, baseline microcirculatory resistance (BMr) and FFr 
were measured with a coronary pressure/temperature wire (Certus, Abbott, Minnesota, 
USA). All measurements were extracted from the radiAnalyzer™ Xpress, QUANTIeN™ con-
sole and all traces were analyzed offline by an independent blinded expert locally with 
radiView™ Software (Abbott, St. Paul, Minnesota, USA). A second independent operator 
in our hospital checked all analyzed traces and if there was a discordance, both operators 
discussed the discordance and adjusted the values as appropriate. BMr in our study was 
calculated by multiplying the resting distal pressure by the mean resting transit time19.

CMR imaging

Cardiovascular magnetic resonance (CMr) imaging was performed between 2 to 7 days 
and 1 month after pPCI using a 1.5-T clinical scanner (Siemens Healthcare, erlangen, 
Germany). Scanning protocol included cine imaging, T2-weighted imaging and LGe. Left 
ventricular (LV) volumes and function were calculated from the short-axis cine images. 
T2-weighted images were used to identify IMH. LGe images were used for calculation 
of infarct size and identification of MVO. Infarct size is expressed in grams, as well as 
% of LV mass. A detailed description on acquisition techniques, CMr parameters and 
post-processing is provided in Supplemental Methods 2.

Ticagrelor, adenosine and P2Y12-inhibition levels

At the index event, at day 3 and at one month follow-up, blood samples were collected for 
measurement of levels of ticagrelor, its active metabolite Ar-C124910XX and adenosine 
plasma concentrations (APC). The samples were sent to specialized laboratories blinded 
for analysis (Bioanalytical Covance Laboratory, Indianapolis, United States and Q&Q labs 
AB, Gothenburg, Sweden, respectively (measurement details in supplement). Further-
more, platelet aggregation was quantified from the same blood samples (VerifyNow 
System, Accumetrics, San Diego, CA, USA). High platelet reactivity (HPr) was defined as 
P2Y12 reaction units (PrU) > 23520 and low platelet reactivity (LPr) was present when 
PrU < 8521. A detailed description is provided in Supplemental Methods 3.

sample size calculation and statistical analyses

The sample size calculation is based on a superiority design with the null hypothesis that 
IMr at 30 days is equal in patients with ticagrelor- compared to prasugrel maintenance 
therapy. A between-group difference in mean IMr of 7 in favor of ticagrelor was consid-
ered clinically relevant. We required 47 subjects in each treatment group to detect this 
difference with a power of 80% (two-sided testing at α=0.05) assuming a standard devia-
tion of 12 in both groups. We increased the sample size by 15% to account for patients 
being lost to follow-up, which resulted in a total sample size of 110 patients. A blinded 
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interim analysis at 50% of inclusion was planned and the results including the decision 
of the data safety monitoring board are described in the Supplemental Methods 4. Our 
study was not powered for specific differences in secondary endpoints. To assess a dif-
ference in dichotomous and/or categorical variables Chi-square test or Fisher’s exact 
test was used. To assess the difference in continuous variables between both treatment 
groups, we used the independent samples t-test for normally distributed variables and 
the Mann-Whitney U test in case the variable was not normally distributed. To investigate 
the association between continuous variables we used Pearson’s correlation for pairs of 
normally distributed variables and Spearman’s correlation in case of skewness or ex-
treme outliers on variables. We considered a p-value of <0.05 as statistically significant.

ResulTs

study population characteristics

In total 56 patients were randomized to ticagrelor 90 mg BID and 54 patients to prasugrel 
10 mg SID (Figure 1). We have provided a screenings log during the inclusion period 
with accompanying in- and exclusion criteria in the supplemental Figure 1. During the 
complete follow-up period, the allocated therapy was received by 51 patients in the 
ticagrelor group and 51 patients in the prasugrel group. A switch to triple therapy with 
clopidogrel occurred in 4 patients randomized to ticagrelor and in 1 patient randomized 
to prasugrel because of either new onset atrial fibrillation (clopidogrel and new oral 
anticoagulants (NOAC)) or left ventricular thrombus (clopidogrel and acenocoumarol). In 
the ticagrelor group, 1 patient switched to prasugrel because of dyspnea associated with 
ticagrelor. Lost to follow-up was equally present in both groups (n=3 vs. n=3) and IMr 
could not be obtained or analyzed in 2 patients in the ticagrelor group and 3 patients in 
the prasugrel group. Primary endpoint analysis could thus be performed in 99 patients 
(ticagrelor n=51, prasugrel n=48). Clinical and procedural characteristics were well bal-
anced between the two treatment groups (Table 1 and Table 2). IMr and blood sampling 
during the index procedure was performed at 96±36 minutes after ticagrelor loading.

IMR, bMR and CfR measurements

IMr during the index procedure was not lower in the ticagrelor- compared to the prasu-
grel group (Figure 2). After a mean follow-up of 31±7 days, the primary endpoint of IMr 
was not superior in the ticagrelor group (ticagrelor 21 [15-39] U, prasugrel 18 [11-29] 
U, p=0.08). Improvement of microvascular function over time was also non-superior 
between both groups (IMr ticagrelor -13.9 U vs. prasugrel -13.5 U, p=0.96). CFr, im-
provement of CFr over time and BMr were also not statistically different, as represented 
in Table 3.
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Infarct size and CMR

Infarct size, as represented by creatine kinase (CK), creatine kinase-MB (CK-MB) and 
troponin T peak levels, were not different between treatment groups (Table 1). Baseline 
CMr was performed in 81 patients and follow-up CMr was performed in 96 patients. At 
baseline, the occurrence of MVO was not statistically different in patients on ticagrelor 
(28%) or prasugrel (41%, p=0.35), but IMH was more frequently present in patients with 
prasugrel (ticagrelor 23% vs. prasugrel 43%, p=0.04). Total infarct size (ticagrelor 7.6 g 
vs. prasugrel 9.9 g, p=0.17) and LVeF (ticagrelor 53% vs. prasugrel 52%, p=0.61) was not 
superior in the ticagrelor- versus prasugrel group (Table 4).

Adenosine and Ticagrelor levels

APC was available for 106 patients at baseline, 77 patients at day 3 and 105 patients 
at one month follow-up. At baseline and at one month follow-up, APC were similar in 
patients randomized to ticagrelor or prasugrel, as represented in Figure 3. At day 3, 
similar levels of APC were found in the two groups; ticagrelor (47.1 (IQr 20.5-112.6) nM 
vs. prasugrel (75.4 (IQr 27.2-222.8) nM, p=0.22). The median APC at 1 month was 56.7 
(IQr 28.4-298.7) nM for ticagrelor and 92.8 (IQr 23.8-422.7) nM for prasugrel (p=0.56). At 
the acute moment, there was no significant correlation between APC and IMr or CFr. 
There was a significant correlation between APC and CFr but not with IMr at 30 days 
(Supplemental Table 1). The levels of ticagrelor and active metabolite Ar-C124910XX 
were obtained in 110 patients at baseline and 102 patients at one month follow-up. 
Ticagrelor levels are represented in a scatter plot for patients randomized to ticagrelor 
and prasugrel with specification of those patients who switched to a different therapy 
during follow-up (Figure 4). There was no significant difference in Ar-C124910XX levels 
between the two groups during the index procedure (155.0 (IQr 0.0-356.0) ng/mL for ti-
cagrelor vs. 50.5 (IQr 0.0-298.8) ng/mL for prasugrel, p=0.32). At 1 month, Ar-C124910XX 
levels in the ticagrelor group were 182.5 (IQr 124.3-333.0) ng/mL vs. 0.0 (0-0) ng/mL in 
the prasugrel group, p<0001. There was no correlation between ticagrelor levels and 
IMr or CFr values (Supplemental Table 1).

Platelet inhibition

At baseline, platelet inhibition testing was performed in 94 (85%) patients and was 
not superior in one of both treatment groups (Table 5). After 1 month of maintenance 
therapy, no difference in platelet inhibition, HPr and LPr was observed between the 
two treatment groups.

Clinical outcome

From randomization to follow-up, bleeding complications were more frequent in the 
prasugrel group as compared to the ticagrelor group (29% vs. 11%, p=0.02), primar-
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ily due to a higher number of BArC 1 bleeding complications in the prasugrel group 
(Supplemental Table 2). BArC ≥2 bleeding complications occurred in two patients (3.7%) 
randomized to ticagrelor and were not observed in the prasugrel group. There was no 
significant difference in ticagrelor levels in patients with or without the occurrence of 
bleeding at one month follow-up (Supplemental Table 2). However, in patients with 
elevated ticagrelor levels at one month follow-up (based on Q3: cut-off value of >811 
ng/mL) there were significant more often bleedings at one month follow-up (33.3% (4 
of 12) versus 5.3% (2 of 38), p=0.024). In total 3 patients died of non-cardiac causes (re-
spiratory insufficiency due to chronic obstructive pulmonary disease (n=1), respiratory 
insufficiency due to interstitial pneumonitis caused by metastatic breast cancer (n=1) 
and complicated endoscopic retrograde cholangio- and pancreaticography with septic 

figure 1. enrollment Flow Diagram
Patients were enrolled between May 2015 and October 2017. 51 patients in the ticagrelor group and 48 
patients in the prasugrel group were analyzed for the primary endpoint.
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shock (n=1). Myocardial infarction, stent thrombosis or repeat revascularization did not 
occur in any of the patients during the study period.

dIsCussIon

This is the first randomized trial that compared maintenance therapy of ticagrelor with 
maintenance therapy of prasugrel on coronary microvascular injury (MVI) after success-

Table 1. Baseline characteristics

Ticagrelor (n=56)
Median [IQr], Mean±SD, 
n [n%]

Prasugrel (n=54)
Median [IQr], Mean±SD, 
n [n%]

p-value

Age [years] 60.2±10.1 61.0±8.8 0.69

sex [male] 49 [87.5] 45 [83.3] 0.54

bMI [kg/m2] 27.2±3.8 27.8±3.7 0.42

symptom-balloon time [minutes] 191 [126-340] 146 [98-322] 0.10

loading dose ticagrelor 56 [100.0] 54 [100.0] 1.00

loading dose-balloon time 
[minutes]

79±40 77±48 0.18

loading dose-IMR time [minutes] 114±39 103±30 0.24

Medical history

hypertension 20 [35.7] 13 [24.1] 0.18

diabetes mellitus 7 [12.5] 4 [7.4] 0.37

smoking 26 [46.4] 21 [38.9] 0.47

hypercholesterolemia 12 [21.4] 11 [20.4] 0.89

family history of CAd 19 [33.9] 23 [42.6] 0.35

Previous PCI 3 [5.4] 1 [1.9] 0.33

Medication before PPCI

AsA 6 [10.7] 3 [5.6] 0.30

lipid lowering medication 12 [21.4] 9 [16.7] 0.53

ACe-i or ARb 12 [21.4] 9 [16.7] 0.53

beta-blocker 8 [14.3] 4 [7.4] 0.25

CCb 4 [7.1] 5 [9.3] 0.68

Laboratory peak values

CK [U/L] 1040 [441-1913] 1127 [453-2171] 0.86

CK-Mb [µg/L] 86 [28-207] 102 [37-216] 0.73

Troponin T [µg/L] 1.82 [0.58-5.04] 1.73 [0.38-4.14] 0.39

ACe-i: angiotensin converting enzyme inhibitor, ArB: angiotensin II receptor blocker, ASA: acetylsalicylic 
acid, BMI: body mass index, CAD: coronary artery disease, CCB: calcium channel blocker, CK: Creatine ki-
nase, CK-MB: Creatine kinase-MB, IMr: index of microcirculatory resistance, SD: standard deviation, PCI: 
percutaneous coronary intervention.
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Table 2. Coronary angiography and PCI parameters at the index procedure

Ticagrelor (n=56)
Mean±SD, Median [IQr], 
n [n%]

Prasugrel (n=54)
Mean±SD, Median [IQr], 
n [n%]

p-value

2-vessel disease 42 [75.0] 41 [75.9] 0.91

3-vessel disease 14 [25.0] 13 [24.1] 0.91

Cardiogenic shock 0 [0] 0 [0] 1.00

Radial access 53 [94.6] 52 [96.3] 0.43

Angiographic characteristics culprit

lAd 17 [30.4] 19 [35.2] 0.59

lCX 15 [26.8] 13 [24.1] 0.74

RCA 24 [42.9] 22 [40.1] 0.82

TIMI-flow pre pPCI

0 31 [55.4] 31 [57.4] 0.96

1 6 [10.7] 3 [5.6]

2 13 [23.2] 13 [24.1]

3 6 [10.7] 7 [13.0]

TIMI-flow post pPCI

0 0 [0] 0 [0] 0.34

1 2 [3.6] 4 [7.4]

2 11 [19.6] 4 [7.4]

3 43 [76.8] 46 [85.2]

TfC 41.5 [30.5-65.3] 39.0 [29.0-54.5] 0.58

cTfC 37.5 [24.3-56.0] 34.0 [21.8-50.5] 0.40

MbG

0 1 [1.8] 0 [0] 0.98

1 7 [12.5] 7 [13.0]

2 7 [12.5] 8 [14.8]

3 41 [73.2] 39 [72.2]

PCI characteristics culprit

stent length [mm] 34.07±15.03 32.07±15.6 0.50

stent diameter [mm] 3.56±0.57 3.66±0.50 0.35

Thrombectomy 4 [7.1] 7 [13.0] 0.31

Pre-dilatation 33 [58.9] 29 [53.7] 0.58

Post-dilatation 18 [32.1] 13 [24.1] 0.35

Glycoprotein IIb/IIIa inhibitor 7 [12.5] 6 [11.1] 0.92

cTFC: corrected TIMI frame count, LAD: left anterior descending artery, LCX: left circumflex artery, MBG: 
myocardial blush grade, PCI: percutaneous coronary intervention, pPCI: primary percutaneous interven-
tion, rCA: right coronary artery, SD: standard deviation, TIMI: thrombolysis in myocardial infarction, TFC: 
TIMI frame count.
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figure 2. Microcirculatory resistance in patients randomized to ticagrelor or prasugrel
No signifi cant diff erence in the index of microcirculatory resistance between patients randomized to ti-
cagrelor or prasugrel during the index-procedure (baseline) and one month follow-up. Median values are 
denoted and the cross marks the mean value. The whiskers represent the minimal to maximal values with 
in between the median.

Table 3. Intracoronary hemodynamic measurements at baseline and one month follow-up

Parameter Time
Ticagrelor
Mean±SD, Median [IQr]

Prasugrel
Mean±SD, Median [IQr]

p-value

IMR (u) Baseline 33 [16-48] 25 [15-50] 0.74

Follow-up 21 [15-39] 18 [11-29] 0.08

Δ -13.9±39.2 -13.5±31.1 0.96

bMR (u) Baseline 68.4 [46.0-96.6] 62.5 [34.4-119.3] 0.76

Follow-up 95.7 [58.5-144.8] 80.9 [50.5-121.4] 0.24

Δ -14.5±57.9 -14.5±69.3 1.00

CfR Baseline 2.18±1.24 2.13±1.12 0.84

Follow-up 3.70±1.76 3.86±1.76 0.66

Δ 1.59±1.83 1.75±1.89 0.68

ffR Baseline 0.94±0.06 0.94±0.06 0.70

Follow-up 0.93±0.06 0.91±0.08 0.19

Δ -0.01±0.07 -0.02±0.05 0.23

CFr: coronary fl ow reserve, FFr: fractional fl ow reserve, IMr: index of microcirculatory resistance, IQr: inter-
quartile range, SD: standard deviation, ∆: delta.
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ful pPCI in STeMI. Our main fi ndings are: 1. MVI as assessed by IMr was not reduced 
with ticagrelor 2. At 1 month, no diff erences were observed regarding infarct size and 
LV function between the two treatment groups. 3. Plasma adenosine levels were not 
increased with ticagrelor during maintenance therapy. 4. In patients randomized to 
prasugrel, minor bleedings and IMH were slightly more frequently observed.
MVI is considered as an important treatment target in mechanically reperfused STeMI 
because of the high incidence and signifi cant prognostic implications of this condition22. 
There are 3 phases following PPCI in which MVI could be attenuated to limit infarct size. 
The fi rst phase directly following primary PCI consists of endothelial activation and/or in-
jury, infl ammatory cell plugging, microvascular destruction resulting in intramyocardial 
hemorrhage12 and formation of microthrombi causing microvascular obstruction (no-
refl ow). The second phase (hours-days) is dictated by infi ltrating cells. The third phase 
(days-months) is characterized by irreversible damage of the microcirculation. Increased 
levels of adenosine potentially act on all these mechanisms8. MVI may be assessed with 
non-invasive methods, such as CMr and positron emission tomography or invasively 
using hyperemic microcirculatory resistance and IMr23. A major advantage of invasive 
MVI assessment with IMr is that it allows for risk stratifi cation and evaluation of adjunc-
tive treatment strategies during the acute phase of STeMI. The normal value of IMr in 
non-infarct related arteries is considered to be < 25 24, 25. IMr in infarct-related arteries 
has been reported to be 31 (IQr 21-49) after primary PCI13. Strongly increased IMr values 
>40 in STeMI are associated with the extent of MVO, IMH, myocardial salvage and mor-
tality 13, 26, 27 and recovery of microcirculatory resistance has been described as a strong 

figure 3. Adenosine plasma concentration
No signifi cant diff erence in adenosine levels between patients randomized to ticagrelor or prasugrel during 
the index-procedure (baseline) and one month follow-up. The whiskers indicate the 10-90 percentile range, 
with in between the median. The mean is marked by the cross.
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Table 4. Infarct size as defined by laboratory values and CMr characteristics

Ticagrelor
Median [IQr], Mean±SD, n [n%]

Prasugrel
Median [IQr], Mean±SD, n [n%]

p-value

Baseline CMR 40 CMRs* (70%) 42 CMRs* (78%)

MVo present [yes] 11 [27.5%] 17 [40.5%] 0.35

IMh present [yes] 8 [22.9%] 18 [42.9%] 0.04

edema [g] 26.2±20.1 33.2±18.2 0.12

Infarct size [g] 7.7±7.0 8.2±5.8 0.74

MsI [%] 69.8±27.8 73.6±19.4 0.50

1 month follow-up CMR 49 CMRs (89%) 47 CMRs (90%)

lVedV [ml] 179.9±37.4 183.7±39.8 0.63

lVedV [ml/m2] 87.9±16.7 88.7±18.0 0.82

lVesV [ml] 85.2±28.0 89.7±33.6 0.48

lVesV [ml/m2] 41.6±13.5 43.5±16.9 0.54

lVef [%] 53.3±8.1 52.5±8.3 0.61

lVed mass [g/m2] 52.9±11.4 52.7±9.0 0.92

Infarct size [g] 7.6 [3.7-14.4] 9.9 [5.7-16.6] 0.17

Infarct size [% of LV] 7.6 [3.4-12.5] 8.7 [5.4-13.7] 0.14

CMr: cardiac magnetic resonance imaging, IMH: intramyocardial haemorrhage, IQr: interquartile range, LV: 
left ventricular, LVeDV: left ventricular end-diastolic volume, LVeDVi: indexed left ventricular end-diastolic 
volume, LVeF: left ventricular ejection fraction, LVeSV: left ventricular end-systolic volume, LVeSVi: indexed 
left ventricular end-systolic volume, MSI: myocardial salvage index, MVI: microvascular injury, SD: standard 
deviation. *Not all of the baseline CMr’s were eligible to assess MVO and IMH. There were 82 CMr’s in which 
MVO (40 in ticagrelor group and 42 in prasugrel group) and 77 CMr’s in which IMH (35 in ticagrelor group 
and 42 in prasugrel group) could be assessed.

Table 5. P2Y12 platelet inhibition

Parameter Time
Ticagrelor
Median [IQr], Mean±SD, n [n%]

Prasugrel
Median [IQr], Mean±SD, n [n%]

p-value

PRu Baseline 162.8±83.3 171.8±87.0 0.61

1 month 96.1±66.4 82.6±50.1 0.26

Inhibition [%] Baseline 3 [0-52] 0 [0-39] 0.25

1 month 59 [30-83] 63 [46-78] 0.75

lPR (<85) Baseline 11 [55.0%] 9 [45.0%] 0.54

1 month 22 [45.8%] 26 [54.2%] 0.41

hPR (>235) Baseline 9 [19.6%] 12 [25.0%] 0.53

1 month 1 [2.2%] 0 [0%] 1.00

P2Y12 platelet inhibition was determined during the index-procedure [baseline] and one month follow-up. 
HPr: high on platelet reactivity, LPr: low on platelet reactivity, PrU: platelet reactivity unit, SD: standard 
deviation.
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predictor of functional outcome after pPCI28. In the present study, we did not observe 
superiority of ticagrelor in reduction of IMr at 1 month or IMr recovery at follow-up as 
compared to prasugrel treated patients. To avoid override of endogenous adenosine by 
the intracoronary infused adenosine during IMr measurement we also included resting 
microcirculatory resistance (BMr). However, no diff erence in BMr between groups was 
observed. It should be noted though that the distribution of observed values was very 
large, limiting the value of this index. In our study, all patients received a loading dose 
of ticagrelor, which might have infl uenced the development of MVI. However, MVI was 
still present in 46% of our population, which is similar to studies with prasugrel loading 
dose23.
We did observe a slightly lower incidence of CMr-derived IMH in ticagrelor treated pa-
tients, refl ecting MVI with extravasation of erythrocytes during the acute phase. IMH is 
closely related to MVO12 and predicts both functional and clinical outcome after STeMI. 
recently, it was shown that IMH is even more closely associated with adverse outcome 

figure 4. Ticagrelor levels
Ticagrelor levels are represented in a scatter plot for patients randomized to ticagrelor and prasugrel with 
specifi cation of those patients who switched to a diff erent therapy during follow-up. The cross denotes 
the median and interquartile range. There were no signifi cant diff erences in the ticagrelor level during the 
index-procedure at baseline. At one month follow-up signifi cantly higher levels of ticagrelor were observed 
in the ticagrelor group
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than MVO29. We did not find a significant between-group difference in CMr-derived 
MVO, and our study was not powered for these secondary outcomes.
Previous studies, that led to the design of the present trial, reported on the potential 
beneficial effects of ticagrelor on MVI that were attributed to increased plasma levels 
of adenosine8. These experimental studies in animals30-32 were corroborated in healthy 
volunteers and ACS patients7,9, 33,10 showing enhanced coronary blood flow and improve-
ment of peripheral and coronary microvascular function34. In contrast, the absence of 
a differential effect on micro- and macrovascular function and the inability to improve 
myocardial reperfusion with ticagrelor has also been reported 35-37. In the present study 
we could not detect a difference in adenosine plasma concentrations during ticagrelor 
or prasugrel maintenance therapy. However, it should be noted that the measurement 
of endogenous plasma concentration in daily clinical practice is very cumbersome 
due to the extreme short half-life of adenosine and rapid cellular uptake after blood 
sampling, despite the application of adequate stop solution and dedicated syringes, 
leading to a wide range in measured APC38. Also, due to active endothelial adenosine 
metabolism, circulating adenosine does not represent myocardial interstitial adenosine 
concentration, and we were not able to measure local adenosine levels at tissue level. 
The ongoing ISAr-reACT-5 trial (NCT01944800) currently investigates the long-term 
clinical outcome in ACS patients with either ticagrelor versus prasugrel maintenance 
therapy39. A substudy of this trial investigated the potential effect of reticulated plate-
lets (rPs) on ADP mediated platelet aggregation in 124 patients with ACS treated with 
ticagrelor or prasugrel. They reported that rPs (increased during ACS) are less inhibited 
by prasugrel compared to ticagrelor, resulting in increased platelet reactivity in the 
prasugrel group40. However, in our study, platelet reactivity was equal in patients with 
prasugrel and ticagrelor. There was a significant correlation between ticagrelor levels 
and platelet inhibition at the acute moment, but not at one-month follow-up. This might 
be due to the fact that at follow-up a per-protocol analysis was performed in a smaller 
group of patients (n=53) as compared to at the acute moment.
Finally, we observed a slightly larger proportion of BArC 1 minor bleedings in patients 
on prasugrel, which is probably not of clinical importance41, 42. In patients with ticagrelor 
maintenance therapy, elevated ticagrelor levels were associated with a mild increase in 
bleeding at one month follow-up. Importantly, the current study was not designed or 
powered to detect differences in clinical outcome. The randomized Prague-18 trial6, as 
well as a meta-analysis did not show a difference in clinical outcome and major bleed-
ings complications between ticagrelor and prasugrel4. Future randomized trials with 
sufficient power will establish the difference in long-term clinical outcome between 
prasugrel and ticagrelor maintenance therapy in STeMI.
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limitations

Before pPCI all patients were loaded with ticagrelor because this is standard care in 
the participating centers, which might have modified microvascular injury at the index 
event. The sample size calculation was based on a study among patients with stable 
CAD43, because at the time of protocol drafting no data were available with IMr values 
1 month post PPCI in STeMI. It should be underlined that the observed standard de-
viation is larger than what we initially expected (SD 12), leading to a decreased power. 
With the increased variability, 128 additional patients would need to be included to 
achieve a power of 80%. However, given that the observed effect was in the opposite 
direction than hypothesized, it is unlikely that adding 99 extra patients to our study 
would yield a significant improvement of IMr in the ticagrelor group. The relatively low 
rates of classic risk factors, small infarct size and preserved eF could have influenced 
IMr values as well as the potential effects of the pharmacological intervention. We have 
used late gadolinium enhancement to detect MVO, which is less sensitive compared 
to first pass perfusion imaging or early gadolinium enhancement, however has the 
highest prognostic value44. The administration of adenosine intravenously during IMr 
measurements could theoretically influence MVI. However the values as observed in our 
cohort are comparable to other STeMI-cohorts as recently published45. Also, the natural 
recovery of microvascular dysfunction over time might have diluted the positive effects 
of ticagrelor, despite the fact that microcirculatory resistance is still hampered in 50% of 
patients at 1 month46. Finally, we included just a fraction of all screened STeMI patients 
due to the rather complex study design of our proof-of-principle study and thus it is not 
possible to extrapolate our results to all STeMI patients.

Conclusion

In patients with STeMI, ticagrelor maintenance therapy was not superior to prasugrel 
in preventing microvascular injury as assessed with IMr at 1 month follow-up and this 
resulted in a comparable infarct size at one month.
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Clinical perspectives

What is new?
•	 This	first	randomized	trial	comparing	maintenance	treatment	with	ticagrelor	or	pra-

sugrel after primary PCI showed no differential effect on the extent of microvascular 
injury and infarct size at one month after primary PCI.

•	 The	attributed	pleotropic	benefits	of	ticagrelor	through	the	adenosine	metabolism	
could not be confirmed in a STeMI population and plasma adenosine levels were 
actually not increased in patients treated with ticagrelor.

What are the clinical implications?
•	 International	guidelines	provide	a	similar	recommendation	 level	 for	ticagrelor	and	

prasugrel but randomized trials comparing the two head-to-head are lacking.
•	 Microvascular	 injury	and	infarct	size	are	both	predictors	for	 long-term	clinical	out-

come after primary PCI and are considered as important treatment targets.
•	 No	 difference	 was	 observed	 for	 ticagrelor	 versus	 prasugrel	 maintenance	 therapy	

regarding microvascular injury or infarct size after PCI-treated STeMI.

Clinical Trial Registration

clinicaltrials.gov identifier NCT02422888
(https://clinicaltrials.gov/ct2/show/NCT02422888)
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suPPleMenTAl MATeRIAl

supplemental Methods 1. In- and exclusion criteria

Inclusion criteria:
1. Provision of informed consent
2. Patients presenting with STeMI < 12 hours
3. Successful PCI of the culprit artery with a modern drug eluting stent (DeS)
4. The presence of an intermediate stenosis in a non-culprit artery (50-90%)

exclusion criteria:
1. Previous history of myocardial infarction
2. Participation in another clinical trial with an investigational product during the 

preceding 30 days
3. History of cerebrovascular accident (CVA) or ‘transient ischaemic attack’ (TIA)
4. History of intracranial haemorrhage
5. Indication or use of anticoagulant therapy (i.e. acenocoumarol)
6. Severe liver dysfunction (Child-Pughscore 10-15)
7. Congestive heart failure
8. Cardiogenic shock
9. Left ventricular ejection fraction < 35%
10. Bleeding diathesis
11. Age ≥ 75 or < 18
12. Body weight < 60 kg
13. Gout
14. Coagulation disorders
15. Severe pulmonary disease
16. Pregnancy and breast feeding
17. Limited life expectancy
18. Platelet count < 100.000/mm3
19. History of drug addiction or alcohol abuse in the past 2 years
20. Need for chronic nonsteroidal anti-inflammatory drugs
21. Creatinine clearance <30 mL/min or dialysis
22. Presence of a chronic total occlusion (CTO) or left main disease
23. Allergy or contra-indication for ticagrelor or prasugrel
24. Contra-indication for adenosine
25. Patients unable to be followed on site
26. Unable to undergo or contra-indications for MrI
27. Contra-indication for DeS
28. Inability to obtain informed consent
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supplemental Methods 2. detailed description of CMR acquisition and analysis

Cardiovascular magnetic resonance examination was performed on a 1.5-T clinical scan-
ner (Siemens Healthcare, erlangen, Germany) using a phased-array cardiac receiver coil. 
Baseline imaging was scheduled between 2 to 7 days after reperfusion and follow-up at 
1 month ± 5 days. Cardiac function was assessed with cine imaging using a segmented 
steady-state free-precession pulse sequence. Starting at the mitral valve annulus, short 
axis slices were planned every 10 mm through the entire left ventricle (LV). Typical in-
plane resolution was 1.4 x 1.4 mm, with a slice thickness of 5 mm (repetition time 3.2 
ms, echo time 1.5 ms, flip angle 80°, matrix 208 x 256, temporal resolution <50 ms). 
T2-weighted imaging was performed using a short tau inversion recovery (STIr) turbo 
spin echo sequence with slice positions identical to the cine short axis images. Typical 
in-plane resolution was 1.4 x 1.4 mm2, with a slice thickness of 8 mm (repetition time 
2 x rr-interval, echo time 64 ms, flip angle 90°, matrix 216 x 256). Late gadolinium 
enhancement (LGe) images were acquired 10-15 minutes after administration of a 
gadolinium-based contrast agent (Dotarem, Guerbet; 0.15 mmol/kg), using a 2-dimen-
sional segmented inversion recovery gradient-echo pulse sequence. The slice position 
was identical to the cine images. Typical in-plane resolution 1.4 x 1.4 mm, with a slice 
thickness of 5 mm (repetition time 1 x rr-interval, echo time 4.4 ms, flip angle 25°, ma-
trix 216 x 256). The inversion time was set to null the signal of viable myocardium and 
ranged from 250-400 ms. end-diastolic volume (LVeDV) and mass, end-systolic volume 
(LVeSV) and left ventricular ejection fraction (LVeF) were calculated from the short axis 
cine images after manually outlining the endocardial and epicardial borders on the end-
diastolic and end-systolic phases. edema was calculated from the short-axis T2w images 
and is expressed in both grams and percentage of LV mass. edema was defined as vox-
els with a signal intensity of >2SD above the signal intensity of remote myocardium. 
Intramyocardial hemorrhage was identified on the T2-weighted images as an attenu-
ated core within hyperintense, infarct-related, edema. Infarct size was calculated on the 
short-axis LGe images using the full-width-at-half maximum method1, and expressed 
in grams, as well as percentage of LV mass. Areas of microvascular obstruction were 
identified on the LGe images as a hypo-intense core within hyperenhanced myocardium 
and were incorporated in the calculation of infarct size. The myocardial salvage index 
(MSI) was calculated by subtracting the infarct size at 1 month from the area of edema, 
and dividing this value by the area of edema2.

supplemental Methods 3. detailed description of ticagrelor and adenosine 
measurements

Blood samples at baseline and one month follow-up were collected via the arterial 
sheath for measurement of the levels of ticagrelor and its metabolite Ar-C124910XX, 
and adenosine. The blood samples at day 3 were drawn via a venous puncture. The 



Chapter 10  |  reDUCe-MVI trial

220

blood samples were drawn in tubes containing ethylenediaminetetraacetic acid (eDTA) 
as an anticoagulant and for the adenosine measurement a stop solution that consists of 
dipyridamole (24.8 mM) and erythro-9-(2-hydroxy-3-nonyl)adenine (eHNA) (1.27 mM) to 
preserve the adenosine plasma levels in 2.6 mL blood. The blood samples were directly 
put on ice and centrifuged within 15 minutes at 1500g on a temperature of 4 °C, where 
after the plasma was stored at -80 °C. The ticagrelor and adenosine samples were sent 
to specialized laboratories for analyses (Bioanalytical Covance Laboratory, Indianapolis, 
United States and Q&Q labs AB, Gothenburg, Sweden, respectively). Concentrations of 
ticagrelor and Ar-C124910XX in human plasma were determined using protein precipi-
tation followed by analysis using high performance liquid chromatography followed by 
tandem mass spectrometric detection (LC MS/MS).
For the determination of adenosine concentrations plasma samples were spiked 
with  13C5-adenosine (internal standard) and de-proteinized using a molecular cut-off 
spin-filter. The filtrate was analyzed for adenosine and the internal standard by reversed-
phase ultra-performance-liquid chromatography followed by electrospray tandem mass 
spectrometry. Lower limit of quantitation was 2 nM. The analytical system was an Agilent 
model 6540 UPLC-tandem-MS instrument operated by the Masshunter software.

supplemental Methods 4. Interim analysis report and dsMb decision

Interim analysis (January 2017):
We performed a planned interim analysis (as reported in the study protocol) after 50% 
inclusion (n=55) to check the assumed standard deviation (SD) of the index of micro-
circulatory resistance (IMr) at 30-days follow-up (performed by a statistician of the VU 
University Medical Center). The observed SD of the IMr at 30-days follow-up was 17.2.
The re-calculated sample size (with 80% power) is 2 x 96 patients without loss to follow-
up and 2 x 112 with 15% loss to follow-up. The re-calculated power (with the current 
sample size) is 56% without loss to follow-up and 50% with loss to follow-up.
We also calculated the IMr difference between Ticagrelor and Prasugrel treated patients 
that could be detected 80% power using with the observed SD and 80% power, which 
was 9.3 without loss to follow-up and 10 with a 15% loss to follow-up.
Despite the higher standard deviation than assumed, we do not recommend to increase 
the number of study participants because of the following aspects:
1) Complexity of the study with lower inclusion rate than expected
2) Power to detect a difference in means of 7 with the observed standard deviation is 

still acceptable
3) The assumed IMr difference of 7 might be underestimated, based on the recent 

results of the CV-TIMe trial* (IMr difference was 12.2 between Ticagrelor and Clopi-
dogrel)3. In the power analysis of the study protocol, the assumed IMr difference was 
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based on peripheral endothelial function4 and the SD was based on a study with a 
different pharmacological agent5. With the current evidence of the CV-TIMe trial3, the 
expected IMr difference between Ticagrelor and Prasugrel would be more than 10, 
which means that we do not have to increase the number of participants to maintain 
a power of 80% with the observed standard deviation of 17.2 (taking 15% loss to 
follow-up into account).

Decision of the data safety monitoring board (DSMB) (March 2017):
The DSMB would like to state that this second Safety review addressed the charter and 
protocol driven interim analysis. Based on this review, we would like to state that the 
interim analysis did not raise specific safety concerns. Therefore, the reDUCe-MVI study 
should proceed according to its design.
DSMB members: Dr. jur M. ten Berg (member), Prof. Dr. jan G.P. Tijssen (member), Prof. 
dr. Freek W.A. Verheugt (Chair).

supplemental figure 1. Screenings log during the inclusion period
Screeningslog of screeningsperiod from the 22th of April 2015 until the 19th of September 2017. ACS: acute 
coronary syndrome, CABG: coronary artery bypass graft, CAD: coronary artery disease, CAG: coronary an-
giography, CTO: chronic total occlusion, CVA: cerebral vascular accident, IFC: informed consent, OAC: oral 
anticoagulantia, TIA: transient ischemic attack, VUmc: VU University medical center.
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supplemental Table 1. Correlation between adenosine levels, ticagrelor levels and intracoronary mea-
surements

Acute moment Follow-up

Correlation rho p-value rho p-value

APC - IMR - 0.19 0.07 - 0.11 0.29

APC - CfR  0.10 0.34  0.25 0.02

Ticagrelor - IMR - 0.03 0.78* - 0.05 0.74†

Ticagrelor - CfR  0.09 0.38*  0.15 0.33†

* To examine the correlation between ticagrelor levels and IMr/CFr at the acute moment, all patients were 
selected. † To examine the correlation between ticagrelor levels and IMr/CFr at one month follow-up we 
performed a per-protocol analysis. Five patients switched from ticagrelor to either triple therapy or pra-
sugrel and 2 patients switched from prasugrel to ticagrelor before one month follow-up (Figure 4, main 
article). APC: adenosine plasma concentration, CFr: coronary flow reserve, IMr: index of microcirculatory 
resistance.

supplemental Table 2. Bleeding complications and clinical events between admission and one-month 
follow-up and their relationship with ticagrelor levels

Ticagrelor (n=55)
n [n%]

Prasugrel (n=53)
n [n%]

p-value

Bleeding

Any bleeding  6 [10.9] 15 [28.3]  0.02

bARC-class

0 49 [89.1] 38 [71.7]  0.008

1  4 [7.3] 15 [28.3]

2  2 [3.6]  0 [0]

3  0 [0]  0 [0]

4  0 [0]  0 [0]

5  0 [0]  0 [0]

Adverse events

death  1 [1.8]  2 [3.8]  0.54

Myocardial infarction  0 [0]  0 [0]  0.10

Any revascularization  0 [0]  0 [0]  0.10

stent thrombosis  0 [0]  0 [0]  0.10

Bleeding at day 30 (n=21) No bleeding at day 30 (n=89) p-value

Ticagrelor levels day 0 412 [5-2400] ng/mL 96 [IQr 3-586] ng/mL 0.33

Ticagrelor levels day 30 827 [578-956] ng/mL 557 [377-791] ng/mL 0.13*

* We performed a per-protocol analysis to assess the relation between ticagrelor levels at one month follow-
up and the occurrence of bleeding. Bleeding and adverse events were evaluated during 1 month follow-up, 
except for those patients who withdrew informed consent (n=2). BArC score: Bleeding Academic research 
Consortium score.
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AbsTRACT

background

Amongst the 3 approved oral P2Y12 inhibitors for the treatment of patients with acute 
coronary syndrome (ACS), ticagrelor, but not prasugrel or clopidogrel, has been associ-
ated to off-target properties, such as improved endothelial-dependent vasomotion and 
increased adenosine plasma levels.

Methods

The Hunting for the off-target propertIes of Ticagrelor on endothelial function and other 
Circulating biomarkers in Humans (HI-TeCH) study (NCT02587260) is a multinational, 
randomized, open-label, cross-over study with a Latin squares design, conducted at 5 
european sites, in which patients free from recurrent ischemic or bleeding events ≥30 
days after a qualifying ACS were allocated to sequentially receive a 30±5-day treatment 
with prasugrel, clopidogrel, and ticagrelor in random order. The primary objective was 
to evaluate whether ticagrelor, at treatment steady state (i.e. after 30±5 days of drug 
administration), as compared with both clopidogrel and prasugrel, is associated with an 
improved endothelial function, assessed with peripheral arterial tonometry., Thirty-six 
patients undergoing evaluable endothelial function assessment for each of the assigned 
P2Y12 inhibitor were needed to provide 90% power to detect a 10% relative change of 
the reactive hyperemia index (rHI) in the ticagrelor group.

Conclusion

The HI-TeCH study is the first randomized, cross over study aiming to ascertain whether 
ticagrelor, when administered at approved regimen in post-ACS patients, improves 
endothelial function as compared with both clopidogrel and prasugrel.
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bACKGRound

Oral P2Y12 inhibitors are key secondary prevention medications after coronary stent 
implantation or acute coronary syndromes (ACS). Ticagrelor, unlike other oral P2Y12 
inhibitors, has been associated with off-target effects, such as an improvement in 
endothelial function assessed by peripheral arterial tonometry, as recently reported in 
a non-randomized trial (1). Moreover, in a recent randomized trial of 60 ACS patients, 
30-day ticagrelor administration was shown to increase reactive hyperemia index (rHI) 
by 100% as compared to baseline measurement, and this improvement to be correlated 
to adenosine plasma levels (2). A recent observational study also reported no change 
in endothelial function at 2 and 5 days after treatment discontinuation with ticagrelor, 
which was interpreted as evidence that the treatment effect on endothelial function 
does not immediately cease after treatment cessation (3).
endothelial dysfunction is a systemic condition mainly characterized by an imbalance 
between endothelium-derived relaxing factors (i.e. nitric oxide) (4) and endothelium-
derived contracting factors (i.e. endothelin) (5), clinically correlated with most 
cardiovascular risk factors(6). endothelial dysfunction appears to precede the clinical 
manifestation of atherosclerotic disorders and predicts clinical outcome (7). Thus, it can 
be considered a barometer of the total risk burden (8-10).
The “ticagrelor-related pleiotropic effects” are possibly mediated by the inhibition of ad-
enosine uptake into erythrocytes and subsequent increase in adenosine plasma levels 
(APL), as recently reported (2,11,12).
Adenosine is released in the plasma by endothelial cells and myocytes during ischemia, 
hypoxia, or oxidative stress, and quickly taken up by red blood cells through a facilitated 
diffusion transport system (sodium-independent equilibrative nucleoside transporters 
– 1 (eNT-1) and 2 (eNT-2); sodium-dependent concentrative nucleoside transporters – 1 
and 2) or converted into inosine by adenosine deaminase activity. Ticagrelor increases 
APL mainly through inhibition of eNT-1 (11). After binding to 4 different purinergic 
receptors (A1, A2A, A2B, A3), an increase in APL may determine: 1) vasodilation; 2) reduc-
tion in ischemia/reperfusion injury and electrical conduction; 3) increase of platelet 
inhibition; 4) decrease of glomerular filtration rate; 5) rise of dyspnoea incidence. Finally, 
ticagrelor induces adenosine tri-phosphate (ATP) release from human red blood cells 
in a dose-dependent manner (13), which may contribute to increasing APL. It remains 
however unclear whether the off-target properties of ticagrelor, which were discovered 
and characterized in animals or ex vivo models (14,15), contribute to its clinical effects in 
humans at currently approved regimen.
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MeThods

study design and population

The HI-TeCH study (ClinicalTrial.gov NCT02587260) is a multinational, randomized, open-
label, crossover study with a Latin squares design conducted at 5 european sites and 
including 54 patients, aiming to assess whether ticagrelor, as compared to both clopido-
grel and prasugrel, improves endothelial function. eligible patients were older than 18 
years, treated for an ACS, including ST segment elevation myocardial infarction (STeMI), 
non-ST segment elevation myocardial infarction (NSTeMI), or unstable angina (UA), at 
least 30 days before randomization, and receiving dual antiplatelet therapy (DAPT) since 
at least 30 days prior to randomization. Patients were free from bleeding events [defined 
as Bleeding Academic research Consortium (BArC) classification (16) type 2 or greater] 
or ischemic recurrences (unstable angina or myocardial infarction, which required a 
repeated revascularization) since the index event. Patients with transient ischemic at-
tack (TIA) or stroke in the previous 6 months, those who received fibrinolytic therapy 
or glycoprotein IIb/IIIa inhibitors in the previous 30 days, those with indication for oral 
anticoagulant therapy, or with vasculitis, immunological disorders, thrombocytopenia, 
severe hepatic failure, uncontrolled hypertension (systolic or diastolic pressure > 180 
mmHg or 120 mmHg, respectively, despite medical therapy), known intolerance to 
aspirin, clopidogrel, prasugrel, or ticagrelor, limited life expectancy (e.g. neoplasm) as 
well as patients who underwent major surgery within 30 days before randomization or 
with any planned surgical or percutaneous intervention were excluded (Tab. 1).
A Latin square design was used in order to have a uniform crossover design in that each 
treatment occurred only once within each sequence and once within each period. More-
over, each treatment preceded every other treatment the same number of times (twice) 
and, consequently, our design was balanced with respect to first-order carryover effects 
(balanced Latin square design). The crossover study design was chosen so to have an 
“in within” control of the effect of each P2Y12 inhibitor on endothelial function (in the 
same patient) as opposed to an “in between” control (different patients). Supplementary 
Table 1 displays the 6 randomized treatment sequences. Adherence to study treatment 
was assessed by electronic Medication event Monitoring System (MeMS), pill count, and 
patient interview (see Suppl. Appendix).

follow-up visits

The study included 6 follow-up visits counting a total of 10 study intervals: baseline 
(B), 1-2 hour(s) after LD intake of each P2Y12 inhibitor (C1, P1, T1), before (C2, P2, T2) 
and 1-2 hour(s) after MD intake of each P2Y12 inhibitor (C3, P3, T3) (Fig. 1). The LD of the 
first randomized P2Y12 inhibitor was to be administered at visit 1 (V1), after baseline 
assessment, followed by post-LD measurements 1-2 hour(s) thereafter (Fig. 1). Pre- and 
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post-MD evaluations of the ongoing P2Y12 inhibitor were to be performed after 30±5 
days of treatment at visit 2 (V2). The administration of the second randomized P2Y12 
inhibitor at visit 3 (V3) was to occur 1 to 7 days after V2, and the related measurements 
were collected 1-2 hour(s) after LD administration (Fig. 1). An identical scheme was then 
to be followed for the second and third randomized P2Y12 inhibitor (Fig. 1). No washout 
time was allowed among the three oral P2Y12 inhibitors due to ethics considerations. 
At each follow-up, patients were requested to fast for at least 2 hours prior the visit; 
caffeine-containing beverages were not permitted at any time the day of the visit. Pa-
tients were reminded 1-2 days prior each study visit about these dietary restrictions.

finger Plethysmography

Pulse amplitude tonometry (PAT) is an operator-independent, FDA-approved method to 
measure the endothelium-dependent dilation in response to reactive hyperemia (10). 

Table 1. Inclusion and exclusion criteria

Inclusion Criteria

1. Age > 18 years

2. ACS (including STeMI or NSTeMI) at least 30 days before randomization

3. Ongoing treatment with DAPT since at least 30 days, consisting of ASA 75-160 mg daily and one of the 
three available P2Y12 inhibitors (ticagrelor, prasugrel or clopidogrel)

4. No bleeding events (defined as BArC type 2 or greater) or ischemic recurrences in the period between the 
ACS and the study randomization

exclusion Criteria

1. Administration of fibrinolytics or glycoprotein IIb/IIIa inhibitors in the previous 30 days

2. Major surgery within 30 days or any planned surgical or percutaneous intervention

3. Active bleeding or previous clinically relevant bleeding in the last 6 months

4. Previous TIA or stroke in the last 6 months

5. Previous intracranial bleeding

6. Thrombocytopenia

7. Ongoing anticoagulant therapy or clinical indication to start with anticoagulant agents

8. Vasculitis or any known immunological disorder

9. Severe hepatic failure

10. Uncontrolled hypertension (systolic or diastolic arterial pressure > 180 mmHg or 120 mmHg, respectively, 
despite medical therapy)

11. Known intolerance to aspirin, clopidogrel, prasugrel, or ticagrelor

12. Limited life expectancy (i.e. neoplasms)

13. Inability to obtain the informed consent

14. Pregnancy

ACS=acute coronary syndrome; STeMI=ST segment elevation myocardial infarction; NSTeMI=non-ST seg-
ment elevation myocardial infarction; DAPT=dual antiplatelet therapy; ASA=aspirin; BArC=bleeding aca-
demic research consortium; TIA=transient ischemic attack
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The PAT device records digital pulse wave amplitude using fingertip plethysmography 
(endoPAT; Itamar Medical Ltd, Caesarea, Israel) and quantifies the endothelium-mediated 
changes in vascular tone, elicited by a 5-minute occlusion of the brachial artery. A post-
occlusion to pre-occlusion ratio (Fig. 2) is calculated by the endoPATTM software and 
expressed as rHI; Fig. 2a) or its natural logarithm variant (LnrHI; Fig. 2b). These values 
are normalized to measurements from the contra-lateral arm, which serves as control 
for non-endothelial dependent systemic effects. An rHI value less than 1.67 or an LnrHI 
value less than 0.51 denotes an endothelial dysfunction (8). endoPAT was found to be 
well correlated with coronary endothelial function, evaluated by quantitative coronary 
angiography after injection of acetylcholine (8), as well as with the conventional cardio-
vascular risk factors (17,18). endoPAT measurement was able to identify patients with 

failure, uncontrolled hypertension (systolic or diastolic
pressure N 180 or 120 mmHg, respectively, despite
medical therapy), or known intolerance to aspirin,
clopidogrel, prasugrel, or ticagrelor; and those with
limited life expectancy (eg, neoplasm) as well as patients
who underwent major surgery within 30 days before
randomization orwith any planned surgical or percutaneous
intervention were excluded (Table).
A Latin square design was used to have a uniform

crossover design in that each treatment occurred only
once within each sequence and once within each period.
Moreover, each treatment preceded every other
treatment the same number of times (twice), and
consequently, our design was balanced with respect to
first-order carryover effects (balanced Latin square
design). The crossover study design was chosen so to

have an “in-within” control of the effect of each P2Y12

inhibitor on endothelial function (in the same patient) as
opposed to an “in-between” control (different patients).
Supplementary Table I displays the 6 randomized
treatment sequences. Adherence to study treatment was
assessed by electronic Medication Event Monitoring
System, pill count, and patient interview (see Supple-
mentary Appendix).

Follow-up visits
The study included 6 follow-up visits, counting a total of

10 study intervals: baseline (B), 1-2 hours after loading
dose (LD) intake of each P2Y12 inhibitor (C1, P1, T1), and
before (C2, P2, T2) and 1-2 hours after MD intake of each
P2Y12 inhibitor (C3, P3, T3) (Figure 1). The LD of the first
randomized P2Y12 inhibitor was administered at visit 1,

Figure 1

Study design. Study flowchart depicting study visits with the respective time intervals (black arrows on top) and all procedures performed at each
time point. Endothelial function evaluation is performed using EndoPAT in all sites, whereas FMD was performed only for patients recruited in Bern.
Blood was collected for dosage of circulating biomarkers. VerifyNow measurements, using both P2Y12 and ASA assays, were obtained to assess
platelet reactivity. V1 indicates visit 1; V2, visit 2; V3, visit 3; V4, visit 4; V5, visit 5; V6, visit 6; MD, maintenance dose; T1, 1-2 hours after
ticagrelor LD administration; T2, before ticagrelor MD administration; T3, 1-2 hours after ticagrelor MD administration; P1, 1-2 hours after
prasugrel LD administration; P2, before prasugrel MD administration; P3, 1-2 hours after prasugrel MD administration; C1, 1-2 hours after
clopidogrel LD administration; C2, before clopidogrel MD administration; C3, 1-2 hours after clopidogrel MD administration; S, sequence;
P, prasugrel; T, ticagrelor; C, clopidogrel.
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figure 1. Study design
Study flow-chart depicting study visits with the respective time intervals (black arrows on top) and all 
procedures performed at each time-point. endothelial function evaluation is performed using endoPAT 
in all sites while FMD was performed only for patients recruited in Bern. Blood was collected for dosage of 
circulating biomarkers. VerifyNow measurements, using both P2Y12 and ASA assays were obtained to as-
sess platelet reactivity. ACS=Acute Coronary Syndrome; V1=visit one; V2=visit two; V3=visit three; V4=visit 
four; V5=visit five; V6=visit six; LD=loading dose; MD=maintenance dose; T1=1-2 hours after ticagrelor LD 
administration; T2=before ticagrelor MD administration; T3=1-2 hours after ticagrelor MD administration; 
P1=1-2 hours after prasugrel LD administration; P2=before prasugrel MD administration; P3=1-2 hours 
after prasugrel MD administration; C1=1-2 hours after clopidogrel LD administration; C2=before clopi-
dogrel MD administration; C3=1-2 hours after clopidogrel MD administration; S=sequence; P=prasugrel; 
T=ticagrelor; C=clopidogrel; h=hour(s).
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early coronary atherosclerosis (8) and predicts late cardiovascular adverse events (10). 
endoPAT reliability was tested in healthy adults and adolescents and it was shown to be 
highly reproducible across intervals of 1 day (19) and 1 week or longer (20-22). Descrip-
tion of technical procedure is reported in the Suppl. Appendix.
Methodological advantages of this technology are: 1) simultaneous recording from 
both arms with an intra-subject control; 2) live assessment of occlusion and provocation 
quality in order to avoid incomplete occlusion during the exam; 3) large dynamic range 
of measurements due to the finger ability to vary local vascular tone; 4) operator inde-
pendency as all analyses are automated. Limitations is this assessment include: 1) the 
assessment of endothelial function at a microcirculation level instead of at medium to 
large size vessel such as the brachial artery, as assessed via standard flow mediated dila-
tation 2) the use of a fixed time frame during the hyperaemic response to calculate the 
endoScore, while the maximal hyperaemic response can occur with different delays for 
each patient, especially in older subjects (23); 3) the influence of autonomous nervous 
system or the temperature study room on finger vascular tone; 4) limited knowledge 
about the effect of circadian variation on rHI result.

after baseline assessment, followed by post-LD measure-
ments 1-2 hours thereafter (Figure 1). Pre- and post-MD
evaluations of the ongoing P2Y12 inhibitor were per-
formed after 30 ± 5 days of treatment at visit 2 (V2). The
administration of the second randomized P2Y12 inhibitor
at visit 3 occurred 1 to 7 days after visit 2, and the related
measurements were collected 1-2 hours after LD admin-
istration (Figure 1). An identical scheme was then
followed for the second and third randomized P2Y12

inhibitor (Figure 1). No washout time was allowed among
the 3 oral P2Y12 inhibitors because of ethics consider-
ations. At each follow-up, patients were requested to fast
for at least 2 hours before the visit; caffeine-containing
beverages were not permitted at any time the day of the
visit. Patients were reminded 1-2 days before each study
visit about these dietary restrictions.

Finger plethysmography
Pulse amplitude tonometry (PAT) is an operator-independent,

Food and Drug Administration–approved method to
measure the endothelium-dependent dilation in response
to reactive hyperemia.10 The PAT device records digital
pulse wave amplitude using fingertip plethysmography
(EndoPAT; Itamar Medical Ltd, Caesarea, Israel) and
quantifies the endothelium-mediated changes in vascular
tone, elicited by a 5-minute occlusionof thebrachial artery. A
postocclusion-to-preocclusion ratio (Figure 2) is calculated

by the EndoPAT software and expressed as RHI (Figure 2A)
or its natural logarithm variant (LnRHI; Figure 2B). These
values are normalized to measurements from the contralat-
eral arm, which serves as control for nonendothelial
dependent systemic effects. An RHI value less than 1.67 or
an LnRHI value less than 0.51 denotes an endothelial
dysfunction.8 EndoPAT was found to be well correlated
with coronary endothelial function, evaluated by quantita-
tive coronary angiography after injection of acetylcholine,8

as well as with the conventional cardiovascular risk
factors.17,18 EndoPAT measurement was able to identify
patients with early coronary atherosclerosis8 and predicts
late cardiovascular adverse events.10 EndoPAT reliabilitywas
tested in healthy adults and adolescents, and it was shown to
behighly reproducible across intervals of 1 day19 and1week
or longer.20-22 Description of technical procedure is
reported in Supplementary Appendix.
Methodological advantages of this technology are as

follows: (1) simultaneous recording from both arms with
an intrasubject control, (2) live assessment of occlusion
and provocation quality to avoid incomplete occlusion
during the examination, (3) large dynamic range of
measurements due to the finger ability to vary local
vascular tone, and (4) operator independency as all
analyses are automated. Limitations to this assessment
include the following: (1) the assessment of endothelial
function at a microcirculation level instead of at medium

Figure 2

EndoPAT measurement. A, RHI measurement after EndoPAT assessment. A = mean PAT amplitude between 90 and 150 s after occlusion of the test
arm; B = mean PAT amplitude from the baseline period on the test arm; C = mean PAT amplitude between 90 and 150 s after occlusion of the
control arm; D = mean PAT amplitude from the baseline period of the control arm. B, LnRHI measurement after EndoPAT assessment. A = mean
PAT amplitude between 90 and 120 s after occlusion of the test arm; B = mean PAT amplitude from the baseline period on the test arm; C = mean
PAT amplitude between 90 and 120 s after occlusion of the control arm; D = mean PAT amplitude from the baseline period of the control arm.
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figure 2. endoPATTM Measurement
figure 2a. reactive hyperemia index (rHI) measurement after endoPATTM assessment. A=mean PAT ampli-
tude between 90s-150s post-occlusion of the test arm; B=mean PAT amplitude from the baseline period 
on the test arm; C=mean PAT amplitude between 90s-150s post-occlusion of the control arm; D=mean PAT 
amplitude from the baseline period of the control arm.
figure 2b. Natural logarithm of reactive Hyperemia Index (LnrHI) measurement after endoPATTM assess-
ment. A=mean PAT amplitude between 90s-120s post-occlusion of the test arm; B=mean PAT amplitude 
from the baseline period on the test arm; C=mean PAT amplitude between 90s-120s post-occlusion of the 
control arm; D=mean PAT amplitude from the baseline period of the control arm.
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flow Mediated dilation.

Flow Mediated Dilation (FMD) of brachial artery is a non-invasive technique widely 
used to assess endothelial function. The FMD result is reported as a percentage change 
between the peak diameter in response to reactive hyperaemia, after 5 minutes of artery 
occlusion, and the baseline diameter using the following equation:
FMD (%) = (Peak diameter – Baseline diameter)/Baseline diameter * 100
Moreover, the FMD evaluation after nitrate administration is able to differentiate the 
endothelium-independent vasodilation component due to alterations in smooth and 
not endothelial cell function, improving the endothelial function assessment. However, 
although the principle seems simple and many laboratories showed robust test-retest 
reliability for FMD under standardized conditions (24-26), appropriate high-resolution 
ultrasound equipment and highly skilled personnel are essential for obtaining an ac-
curate and reliable measurement (18,20,27). Ghiadoni et al. evaluated the FMD twice in 
the same day and subsequently after 30 days after a dedicated training program in the 
setting of a multicenter evaluation of 135 healthy volunteers (27). FMD values did not 
differ over time and showed an intra-session coefficient of variation ranging from 7.6% 
to 11.9% and an inter-session coefficient of variation ranging from 11.6% to 16.1% across 
centres. No data has been however provided in CAD patients who may have higher 
intra and inter-session variability. Furthermore, it remains challenging to standardise 
FMD protocol and technical expertise across different sites. Therefore, we evaluated 
the endothelial function using the FMD jointly to the endoPAT technology (Fig. 3), only 
in one study center– Bern University Hospital, Switzerland, with large prior experience 
with this methodology (28-31). Description of technical procedure is reported in the 
Suppl. Appendix.

Circulating biomarkers

Plasma levels of various circulating biomarkers have been associated with the presence 
of endothelial dysfunction. endothelin-1 (eT-1) is a 21-amino-acid peptide synthesized 
from a larger preproeT-1 precursor that elicits its vasoconstrictor properties binding two 
G-protein coupled receptors, eTA and eTB, located on vascular smooth muscle cells, fibro-
blasts, and endothelial cells (eTB only). eT-1 induces endothelial dysfunction reducing 
NO bioavailability through 2 different ways: 1) Decreasing its production via caveolin-
1-mediated inhibition of eNOS activity; 2) Increasing its degradation via formation of 
oxygen radicals (32). Accordingly, high levels of eT-1 may represent an indirect index of 
endothelial dysfunction.
Asymmetric dimethylarginine (ADMA) is an analogue of L-arginine found in human 
circulation and represents a naturally occurring endogenous inhibitor of NO synthase 
(33). reducing NO production, ADMA could thus lead to endothelial dysfunction and 
cardiovascular events. elevated plasma ADMA concentration has been identified as an 
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independent risk factor for progression of atherosclerosis, cardiovascular death, and 
all-cause mortality (34-36).
Von Willebrand factor (vWF) is a multimeric glycoprotein synthesised exclusively in en-
dothelial cells and megakaryocytes and released when endothelial cells are damaged. 
Thus, high level of circulating vWF may reflect endothelium damage or endothelial dys-
function. The close association between vWF and thrombogenensis or atherogenesis 
also suggests that high vWF levels may be a useful indirect indicator of atherosclerosis 
and/or thrombosis (37).
Blood collection was to be performed after endoPAT assessment at each time point, 
using the control arm as sampling site for the quantification of ADMA, vWF antigen, 
and eT-1. To assess the relationship between residual platelet reactivity or percentage 
inhibition and effect of P2Y12 oral blocker on endothelial function, a platelet function 
testing was also to be carried out using the VerifyNow system using both P2Y12 and 
aspirin assays.

to large size vessel such as the brachial artery, as assessed
via standard flow-mediated dilatation; (2) the use of a
fixed time frame during the hyperemic response to
calculate the EndoScore, whereas the maximal hyper-
emic response can occur with different delays for each
patient, especially in older subjects23; (3) the influence of
autonomous nervous system or the temperature study
room on finger vascular tone; and (4) limited knowledge
about the effect of circadian variation on RHI result.

Flow-mediated dilation
Flow-mediated dilation (FMD) of brachial artery is a

noninvasive technique widely used to assess endothelial
function. The FMD result is reported as a percentage
change between the peak diameter in response to
reactive hyperemia, after 5 minutes of artery occlusion,
and the baseline diameter using the following equation:

FMD %ð Þ ¼
Peak diameter−Baseline diameterð Þ=Baseline diameter� 100:

Moreover, the FMDevaluation after nitrate administration is
able to differentiate the endothelium-independent vasodila-
tion component due to alterations in smooth and not
endothelial cell function, improving the endothelial function
assessment. However, although the principle seems simple

and many laboratories showed robust test-retest reliability for
FMD under standardized conditions,24-26 appropriate
high-resolution ultrasound equipment and highly skilled
personnel are essential for obtaining an accurate and reliable
measurement.18,20,27 Ghiadoni et al27 evaluated the FMD
twice in the same day and subsequently after 30 days after a
dedicated training program in the setting of a multicenter
evaluation of 135 healthy volunteers. Values of FMD did not
differ over time and showed an intrasession coefficient of
variation ranging from 7.6% to 11.9% and an intersession
coefficient of variation ranging from 11.6% to 16.1% across
centers. No data have been, however, provided in patients
with coronary artery disease who may have higher intrases-
sion and intersession variability. Furthermore, it remains
challenging to standardize FMD protocol and technical
expertise across different sites. Therefore, we evaluated the
endothelial function using the FMD jointly to the EndoPAT
technology (Figure 3), only in one study center—Bern
University Hospital, Switzerland, with large prior experience
with this methodology.28-31 Description of technical proce-
dure is reported in Supplementary Appendix.

Circulating biomarkers
Plasma levels of various circulating biomarkers have

been associated with the presence of endothelial

Figure 3

Assessment of FMD and EndoPAT at Bern University Hospital. The picture shows the concomitant acquisition of FMD and EndoPAT measurements
at Bern University Hospital.
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figure 3. FMD and endoPAT assessment at Bern University Hospital.
The picture shows the concomitant acquisition of FMD and endoPAT measurements at Bern University Hos-
pital.
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Markers of thrombin activity such as prothrombin fragment 1+2, fibrinopeptide A, and 
thrombin-antithrombin complex (TAT) were also measured for exploratory purpose. 
All circulating biomarkers reported above were predefined and will be analysed by a 
centralized laboratory (Istituti Clinici Scientifici Maugeri - IrCCS Lumezzane, Brescia, 
Italy). C-reactive protein will be measured with an immunoturbidimetric assay, while all 
the other biomarkers will be measured using commercially available eLISA tests (Suppl. 
Tab. 2), including the vWF antigen, for which the eLISA test is a well validated method 
of measurement (38-40). Finally, to provide mechanistic data on how ticagrelor may be 
associated with improved endothelial function, adenosine plasma concentration (APC), 
ticagrelor and its metabolite Ar-C124910XX will be dosed in two different reference 
laboratories (Q&Q labs AB, Bio VentureHub, Mölndal, Sweden, and Bioanalytical Covance 
Laboratory, Indianapolis, United States, respectively). An overview of all investigated 
biomarkers with the corresponding collection time points are shown in Suppl. Tab. 3. 
Protocols of sample collection, centrifugation, and storage were standardized in all sites 
(pre-analytical standardization) and are reported in Suppl. Tab. 4. When immediately fro-
zen at -20°C (as stored in Amsterdam, Barcelona, Pavia, and Bern), or -80°C (as stored in 
rotterdam), after centrifugation and never thawed, all assessed biomarkers are known 
to be stable in vitro for a long time (at least few years). The only exception is represented 
by adenosine, which is immediately degraded after blood collection with a half-life of a 
few seconds. In order to improve adenosine stability and allow its subsequent dosage, a 
stopping solution was immediately added to blood tube during sampling.

Collection of Adenosine samples.

Adenosine plasma samples were collected as described by Bonello et al (12). Venous 
blood (2.6 ml) was withdrawn under vacuum together with a STOP solution previously 
placed in S-Monovette® 2.6 ml, K3 eDTA (Sarstedt, Nümbrecht, Germany). This method 
allows blood sample to be mixed rapidly with 4 mL of STOP solution, which prevents 
adenosine degradation and uptake. The STOP solution was composed of NBMPr 0.1 
mml/L, dipyridamole 0.04 mmol/L, AMPCP 0.22 mmol/L, ethylene-diamine-tetraacetic 
acid disodium salt dehydrate 15 mmol/L, 5-iodotubericidin 0.1 mmol/L, and erythro-9-
(2-hydroxy-3-nonyl)-adenine (eHNA) 0.1 mmol/L dissolved in PBS, pH 7.4, 0.01 mmol/L 
(Suppl. Tab. 5). The sample with the STOP solution was centrifuged at 1640xg for 10 min-
utes at room temperature. The plasma supernatant was then transferred in a dedicated 
micro-tube and then stored at -20°C or, preferably, -80°C.

Randomization

Allocation of study treatment was performed via a Web-based interactive randomiza-
tion system available at https://trials.advicepharma.com/hitech. randomization was 
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achieved with computer-generated random sequence with a random block size (from X 
to Y) stratified according to the clinical site and the presence of diabetes mellitus.
Treatment protocol and Follow-up
All patients received DAPT for the entire duration of the study, which included aspirin 
(75-160 mg/day orally) and, in random order, clopidogrel (600 mg orally as LD followed 
by 75 mg/day) for 30±5 days, prasugrel (60 mg orally as LD followed by 10 mg/day, or 5 
mg/day if age ≥ 75 years and/or weight ≤ 60 Kg) for 30±5 days, and ticagrelor (180 mg 
orally as LD followed by 90 mg twice a day) for 30±5 days. Follow-up visit schedule is 
shown in figure 1.

study endpoints

The primary objective of the study is rHI at treatment steady state (i.e. after 30±5 days of 
treatment), evaluated with endoPAT system and assessed 1-2 hour(s) after intake of the 
daily (for clopidogrel or prasugrel) or morning (for ticagrelor) maintenance dose of each 
investigated P2Y12 inhibitor. The primary endpoint consists of two main comparisons: 
ticagrelor vs. prasugrel difference in rHI, and ticagrelor vs. clopidogrel difference in rHI.
The secondary objectives include rHI 1-2 hour(s) after P2Y12 inhibitor loading dose or 
prior MD administration and other biomarkers of endothelial function. each of these 
secondary endpoints encompasses two main comparisons: ticagrelor vs. prasugrel dif-
ference, and ticagrelor vs. clopidogrel difference. The comparison between prasugrel 
and clopidogrel in terms of rHI and circulating biomarkers will be also reported for 
exploratory purposes.

statistical considerations

The null hypothesis (H0) of this study is that the primary endpoint (difference in rHI at 
treatment steady state) does not differ during ticagrelor treatment as compared with 
prasugrel or clopidogrel. The alternative hypothesis (H1) is that the primary endpoint 
differs after ticagrelor as compared to prasugrel or clopidogrel. Sample size calculation 
was based on repeated two-way ANOVA (20), setting mean rHI at 1.8 with a within 
subjects standard deviation (SD) of 0.31. Hence, 36 patients completing all sequences 
(i.e. 6 patients/sequence) provides 90% power to detect a 10% rHI relative change in 
ticagrelor group with a two-sided alpha level at 5%. To account for dropouts as well as 
incomplete data assessments, the final sample size was increased up to ≥50 patients.
The primary endpoint will be analysed using repeated measures one-factorial analysis 
of variance (ANOVA with 3 levels as treatment factor to account for each of the three 
tested P2Y12 inhibitor). Correction for possible intra-group correlation will be done by 
the Greenhouse-Geisser method. The ANOVA will yield the differences between the two 
main comparisons ticagrelor rHI vs. prasugrel rHI and ticagrelor rHI vs. clopidogrel rHI. 
To assess the primary endpoint, the significance of these two main comparisons will be 
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combined using the Hochberg-Benjamini method (41) as follows: the H0 of random-
ized treatment equivalence comparing the response in rHI after ticagrelor vs. prasugrel 
administration, and the response in rHI after ticagrelor vs. clopidogrel administration, 
is rejected if significance is achieved for both main comparisons at a two-sided alpha 
level of 0.05 (i.e. the difference in rHI ticagrelor vs. prasugrel is supported with p-value 
< 0.05 and the difference in rHI ticagrelor vs. clopidogrel is supported with p-value < 
0.05); or for one comparison at a two-sided alpha level of 0.025 (i.e. the difference in 
rHI ticagrelor vs. prasugrel is supported with p-value < 0.025 or the difference in rHI 
ticagrelor vs. clopidogrel is supported with p-value < 0.025).
each of the secondary endpoints will be analysed using the same pre-defined statisti-
cal assumptions, combining the p-values of the two main comparisons. The H0 will be 
rejected if either comparison yields a p-value < 0.025 or when both comparisons yield 
p-values < 0.05. See Suppl. appendix for further explanation and for examples regarding 
the application of the Benjamini-Hochberg in our experimental setting (Suppl. Table 6).
The third comparison (i.e. the difference in response between prasugrel and clopidogrel) 
will be reported as explorative unpowered endpoint.
The SWAP-2 study showed that switching over to prasugrel from previous treatment 
with ticagrelor results in a progressive decline in PLT inhibition (leading to a clear 
rebound effect if no LD is given) as compared to the continuation of treatment with 
ticagrelor. Hence, it may be assumed that any measurement performed during the early 
phase of any switch from one to another P2Y12 inhibitor may be confounded (i.e. it may 
also at least partially reflect prior exposure to the earlier P2Y12 inhibitor). Based on the 
timing of blood sampling in this study, one may assume this carry-over effect to disap-
pear from after 48 hours and up to 7 days. This was the rational for setting the primary 
eP measure remotely, i.e. at 30 days after each cross over. Nevertheless, methodologies 
that account for any possible carry-over effect, such as ANCOVA and stratified analysis 
based on the randomized sequence as well as non-randomized type of P2Y12 inhibitor 
before randomization, will be applied for multiple sensitivity analyses for all primary 
and secondary endpoints. It is also pre-specified that for these sensitivity analyses, 
clopidogrel and prasugrel will be handled separately as well as lumped together in the 
thienopyridines group.
Stratified analysis of the primary endpoint will be also carried out according to: sex, 
age, presence of diabetes, hypertension, active smoking, dyslipidaemia, BMI, study site, 
number of vessels diseased, type of ACS at presentation, randomization sequence, and 
pre-randomization P2Y12 inhibitor intake.
Predefined sub-analyses and sub-studies
Pre-specified sub-analyses and sub-studies include, but are not limited to, the evalu-
ation of adenosine plasma concentration, adherence to study drugs, effect of age or 
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concomitant drugs on primary or secondary endpoint measures of endothelial function 
and FMD results.

study organization

The HI-TeCH study was conducted at 5 investigative sites in 4 european countries, includ-
ing Switzerland, Italy, Spain, and The Netherlands. The final study protocol and informed 
consent have been reviewed and approved by the ethics boards/institutional review 
boards and corresponding health authorities for all participant study sites/countries. 
The study is an investigator-driven clinical trial partially supported by an unrestricted 
research grant from AstraZeneca. The authors are solely responsible for the design and 
conduct of this study; all study analyses, and drafting and editing of the manuscript. Data 
are being coordinated and analysed by an academic Clinical Trial Unit (CTU) located in 
Bern, Switzerland. The trial registration number is NCT02587260 available at https://reg-
ister.clinicaltrials.gov/prs/app/action/LoginUser?uid=U0002SC5&ts=167&cx=-f91kzu. 
Independent study monitoring was performed by AdvicePharma (Milan, Italy). The 
electronic Data Capture (eDC) was designed by the investigators and web-implemented 
by AdvicePharma.

ConClusIons

The HI-TeCH study is the first randomized, cross over study aiming to ascertain whether 
ticagrelor, when administered at approved regimen in post-ACS patients, improves 
endothelial function as compared with both clopidogrel and prasugrel. The first patient 
was randomized on December 2015 and the last on October 2016 with a total of 54 
patients. The last follow-up visit was performed on February 2017 and the final results 
are expected in Q3 2017.
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highlights

•	 The	off-target	properties	of	ticagrelor	on	endothelial	function	are	poorly	studied
•	 HI-TECH	compares	ticagrelor,	prasugrel	and	clopidogrel	in	post-ACS	patients
•	 The	principal	endpoint	of	the	study	is	the	effect	on	endothelial	function	evaluated	

with pulse amplitude tonometry
•	 Measurement	of	adenosine	plasma	levels	is	a	key	secondary	endpoint
•	 Platelet	reactivity	will	be	also	assessed

Contributorship

MV designed the study and obtained funding; MV and SA contributed to protocol 
development; MV and SA actively participated in the writing of the manuscript; DH 
contributed to the statistical analysis and actively participated in the writing of the 
statistical sections of the manuscript; all authors critically reviewed the manuscript and 
approved the final version.



239

11

RefeRenCes

 1. Torngren K, Ohman j, Salmi H, Larsson j, erlinge D. Ticagrelor improves peripheral arterial func-
tion in patients with a previous acute coronary syndrome. Cardiology 2013;124:252-8.

 2. Fromonot j, Dignat-Georges F, rossi P et al. Ticagrelor Improves Peripheral Arterial Function in 
Acute Coronary Syndrome Patients: relationship With Adenosine Plasma Level. j Am Coll Cardiol 
2016;67:1967-8.

 3. Xanthopoulou I, Vogiatzi C, Bampouri T et al. Lack of evidence for Deterioration in endothelial 
Function Following Ticagrelor Treatment Cessation. Curr Vasc Pharmacol 2016;14:487-491.

 4. Flammer Aj, Luscher TF. Human endothelial dysfunction: eDrFs. Pflugers Arch 2010;459:1005-13.
 5. Virdis A, Ghiadoni L, Taddei S. Human endothelial dysfunction: eDCFs. Pflugers Arch 

2010;459:1015-23.
 6. Flammer Aj, Anderson T, Celermajer DS et al. The assessment of endothelial function: from 

research into clinical practice. Circulation 2012;126:753-67.
 7. Halcox jP, Schenke WH, Zalos G et al. Prognostic value of coronary vascular endothelial dysfunc-

tion. Circulation 2002;106:653-8.
 8. Bonetti PO, Pumper GM, Higano ST, Holmes Dr, jr., Kuvin jT, Lerman A. Noninvasive identification 

of patients with early coronary atherosclerosis by assessment of digital reactive hyperemia. j Am 
Coll Cardiol 2004;44:2137-41.

 9. Kuvin jT, Patel Ar, Sliney KA et al. Assessment of peripheral vascular endothelial function with 
finger arterial pulse wave amplitude. Am Heart j 2003;146:168-74.

 10. rubinshtein r, Kuvin jT, Soffler M et al. Assessment of endothelial function by non-invasive pe-
ripheral arterial tonometry predicts late cardiovascular adverse events. eur Heart j 2010;31:1142-
8.

 11. Cattaneo M, Schulz r, Nylander S. Adenosine-mediated effects of ticagrelor: evidence and poten-
tial clinical relevance. j Am Coll Cardiol 2014;63:2503-9.

 12. Bonello L, Laine M, Kipson N et al. Ticagrelor increases adenosine plasma concentration in pa-
tients with an acute coronary syndrome. j Am Coll Cardiol 2014;63:872-7.

 13. Ohman j, Kudira r, Albinsson S, Olde B, erlinge D. Ticagrelor induces adenosine triphosphate 
release from human red blood cells. Biochem Biophys res Commun 2012;418:754-8.

 14. Grzesk G, Kozinski M, Navarese eP et al. Ticagrelor, but not clopidogrel and prasugrel, prevents 
ADP-induced vascular smooth muscle cell contraction: a placebo-controlled study in rats. Thromb 
res 2012;130:65-9.

 15. Armstrong D, Summers C, ewart L, Nylander S, Sidaway je, van Giezen jj. Characterization of the 
adenosine pharmacology of ticagrelor reveals therapeutically relevant inhibition of equilibrative 
nucleoside transporter 1. j Cardiovasc Pharmacol Ther 2014;19:209-19.

 16. Mehran r, rao SV, Bhatt DL et al. Standardized bleeding definitions for cardiovascular 
clinical trials: a consensus report from the Bleeding Academic research Consortium. Circulation 
2011;123:2736-47.

 17. Hamburg NM, Keyes Mj, Larson MG et al. Cross-sectional relations of digital vascular function to 
cardiovascular risk factors in the Framingham Heart Study. Circulation 2008;117:2467-74.

 18. Sauder KA, West SG, McCrea Ce et al. Test-retest reliability of peripheral arterial tonometry in the 
metabolic syndrome. Diab Vasc Dis res 2014;11:201-7.

 19. Liu j, Wang j, jin Y, roethig Hj, Unverdorben M. Variability of peripheral arterial tonometry in the 
measurement of endothelial function in healthy men. Clin Cardiol 2009;32:700-4.



Chapter 11  |  HI-TeCH Trial - rationale and Design

240

 20. McCrea Ce, Skulas-ray AC, Chow M, West SG. Test-retest reliability of pulse amplitude tonom-
etry measures of vascular endothelial function: implications for clinical trial design. Vasc Med 
2012;17:29-36.

 21. Selamet Tierney eS, Newburger jW, Gauvreau K et al. endothelial pulse amplitude testing: feasi-
bility and reproducibility in adolescents. j Pediatr 2009;154:901-5.

 22. Tomfohr LM, Martin TM, Miller Ge. Symptoms of depression and impaired endothelial function in 
healthy adolescent women. j Behav Med 2008;31:137-43.

 23. Black MA, Cable NT, Thijssen DH, Green Dj. Importance of measuring the time course of flow-
mediated dilatation in humans. Hypertension 2008;51:203-10.

 24. Harris rA, Padilla j, Hanlon KP, rink LD, Wallace jP. reproducibility of the flow-mediated dilation 
response to acute exercise in overweight men. Ultrasound Med Biol 2007;33:1579-85.

 25. jarvisalo Mj, jartti L, Marniemi j et al. Determinants of short-term variation in arterial flow-
mediated dilatation in healthy young men. Clin Sci (Lond) 2006;110:475-82.

 26. Donald Ae, Halcox jP, Charakida M et al. Methodological approaches to optimize reproducibility 
and power in clinical studies of flow-mediated dilation. j Am Coll Cardiol 2008;51:1959-64.

 27. Ghiadoni L, Faita F, Salvetti M et al. Assessment of flow-mediated dilation reproducibility: a 
nationwide multicenter study. j Hypertens 2012;30:1399-405.

 28. Bailey DM, rimoldi SF, rexhaj e et al. Oxidative-nitrosative stress and systemic vascular function 
in highlanders with and without exaggerated hypoxemia. Chest 2013;143:444-51.

 29. jayet PY, rimoldi SF, Stuber T et al. Pulmonary and systemic vascular dysfunction in young off-
spring of mothers with preeclampsia. Circulation 2010;122:488-94.

 30. rimoldi SF, rexhaj e, Pratali L et al. Systemic vascular dysfunction in patients with chronic moun-
tain sickness. Chest 2012;141:139-46.

 31. rimoldi SF, Sartori C, rexhaj e et al. Antioxidants improve vascular function in children conceived 
by assisted reproductive technologies: A randomized double-blind placebo-controlled trial. eur j 
Prev Cardiol 2015;22:1399-407.

 32. Iglarz M, Clozel M. Mechanisms of eT-1-induced endothelial dysfunction. j Cardiovasc Pharmacol 
2007;50:621-8.

 33. Sibal L, Agarwal SC, Home PD, Boger rH. The role of Asymmetric Dimethylarginine (ADMA) in 
endothelial Dysfunction and Cardiovascular Disease. Curr Cardiol rev 2010;6:82-90.

 34. Lu TM, Ding YA, Lin Sj, Lee WS, Tai HC. Plasma levels of asymmetrical dimethylarginine and adverse 
cardiovascular events after percutaneous coronary intervention. eur Heart j 2003;24:1912-9.

 35. Valkonen VP, Paiva H, Salonen jT et al. risk of acute coronary events and serum concentration of 
asymmetrical dimethylarginine. Lancet 2001;358:2127-8.

 36. Meinitzer A, Seelhorst U, Wellnitz B et al. Asymmetrical dimethylarginine independently predicts 
total and cardiovascular mortality in individuals with angiographic coronary artery disease (the 
Ludwigshafen risk and Cardiovascular Health study). Clin Chem 2007;53:273-83.

 37. Lip GY, Blann A. von Willebrand factor: a marker of endothelial dysfunction in vascular disorders? 
Cardiovasc res 1997;34:255-65.

 38. Zhukov O, Popov j, ramos r et al. Measurement of von Willebrand factor-FVIII binding activity in 
patients with suspected von Willebrand disease type 2N: application of an eLISA-based assay in a 
reference laboratory. Haemophilia 2009;15:788-96.

 39. Castaman G, Tosetto A, Cappelletti A et al. Validation of a rapid test (VWF-LIA) for the quantitative 
determination of von Willebrand factor antigen in type 1 von Willebrand disease diagnosis within 
the european multicenter study MCMDM-1VWD. Thromb res 2010;126:227-31.



241

11

 40. Vinholt Pj, Overgaard M, Diederichsen AC et al. An eLISA for the quantitation of von Willebrand 
factor: osteoprotegerin complexes in plasma. Thromb res 2013;131:396-400.

 41. Hochberg Y, Benjamini Y. More powerful procedures for multiple significance testing. Stat Med 
1990;9:811-8.



Chapter 11  |  HI-TeCH Trial - rationale and Design

242

suPPleMenTAl MATeRIAl

supplementary Table 1. randomized sequences

30-day period P.1 (30±5 days) P.2 (30±5 days) P.3 (30±5 days)

sequence

S.1 T P C

S.2 T C P

S.3 P T C

S.4 P C T

S.5 C T P

S.6 C P T

P.1=first 30-day period; P.2=second 30-day period; P.3=third 30-day period; S.1=first sequence; S.2=second 
sequence; S.3=third sequence; S.4=fourth sequence; S.5=fifth sequence; S.6=sixth sequence; T=ticagrelor; 
P=prasugrel; C=clopidogrel

supplementary Table 2. Circulating biomarker collected and related method of dosage used at the Core 
Laboratory

biomarkers biological material 
required

Method

Asymmetrical dimethylarginine (ADMA) Serum eLISA

C-reactive protein (CrP) Serum IMMUNOTUrBIDIMeTrIC

endothelin-1 Serum eLISA

Fibrinopeptide A Serum eLISA

Glutatione peroxidase 3 (Gpx-3) Serum eLISA

Prothrombin fragment 1+2 Serum eLISA

Soluble fms-like tyrosine kinase (sFLT-1) Serum eLISA

Soluble InterCellular Adhesion Molecule-1 (sICAM-1) Serum eLISA

Soluble Vascular Cell Adhesion Molecule-1 (sVCAM-1) Serum eLISA

Prothrombin Citrate plasma eLISA

Thrombin/Antithrombin complex antigen (TAT) Citrate plasma eLISA

Von willebrand factor antigen (vWF) Citrate plasma eLISA

eLISA=enzyme-Linked Immunosorbent Assay
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supplementary Table 3. Type and timing of circulating biomarker collection

biomarkers baseline T1 T2 T3 P1 P2 P3 C1 C2 C3

Asymmetrical dimethylarginine (ADMA) X X X X X X X X X X

C-reactive protein (CrP) X X X X X X X X X X

endothelin-1 X X X X X X X X X X

Fibrinopeptide A X X X X X X X X X X

Glutatione peroxidase 3 (Gpx-3) X X X X X X X X X X

Prothrombin fragment 1+2 X X X X X X X X X X

Soluble fms-like tyrosine kinase (sFLT-1) X X X X X X X X X X

Soluble InterCellular Adhesion Molecule-1 (sICAM-1) X X X X X X X X X X

Soluble Vascular Cell Adhesion Molecule-1 (sVCAM-1) X X X X X X X X X X

Prothrombin X X X X X X X X X X

Thrombin/Antithrombin complex antigen (TAT) X X X X X X X X X X

Von willebrand factor antigen (vWF) X X X X X X X X X X

Adenosine X X X X X X X X X X

Ticagrelor X X X X

Ar-C124910XX (ticagrelor metabolite) X X X X

T1=1-2 hours after ticagrelor LD administration; T2=before ticagrelor MD administration; T3=1-2 hours af-
ter ticagrelor MD administration; P1=1-2 hours after prasugrel LD administration; P2=before prasugrel MD 
administration; P3=1-2 hours after prasugrel MD administration; C1=1-2 hours after clopidogrel LD ad-
ministration; C2=before clopidogrel MD administration; C3=1-2 hours after clopidogrel MD administration

supplementary Table 4. Biomarker protocols of centrifugation and storage

biomarkers Tubes for whole blood 
collection

Treatment after collection Tubes for 
supernatant

storage

BMK serum 2 S-Monovette® Z/7.5 mL
WHITe CAP

Keep the serum collection tubes in 
an upright position for 30 min at 
room temperature, then centrifuge 
at 1700 x g for 15 min at 4°C

8 white-cap 
tubes

Immediately
-20 or -80°C

BMK plasma 1 S-Monovette® 5 mL
BLUe CAP

Gently invert 2 times and 
immediately centrifuge at 1700 x g 
for 15 min at 4°C

4 blue-cap 
tubes

Immediately
-20 or -80°C

Adenosine 1 S-Monovette® 2.6 mL, 
K3 eDTA
reD CAP

Gently invert the sample 5 times 
and quickly centrifuge at 1640 x g 
for 10 min at room temperature

1 red-cap 
micro-tube

Immediately
-20 or -80°C

Ticagrelor 1 S-Monovette® Lithium 
Heparin
GreeN CAP

Gently invert the sample 10 times 
and immediately place on ice for 30 
min, then centrifuge at 1500 x g for 
10 minutes at 4°C

2 green-cap 
micro-tubes

Immediately
-20 or -80°C

BMK serum=biomarkers that require serum as biological material; BMK plasma=biomarkers that require 
citrate plasma as biological material; eDTA= ethylenediaminetetraacetic acid; g=gravitational force; 
min=minutes. After centrifugation the supernatant of each collection tube was divided into several stor-
age tubes; in this manner each biomarker will be dosed using a sample of serum or plasma never thawed.
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supplementary Table 5. Composition of STOP solution

Compound Type MW (g/mol) Concentration (mmol/l) Concentration (mg/dl)

NBMPr eNT 419.4 0.1 4.2

Dipyridamole eNT 504.6 0.04 2.0

AMPCP 5-NT 447.2 0.22 10

eDTA disodium salt dehydrate 5-NT 372.2 15 558

5-iodotubericidin AK 392.2 0.1 3.9

eHNA ADA 313.8 0.1 3.1

enzyme inhibitors dissolved in Pbs ph 7.4 0.01 M (0.138 M naCl – 0.0027 M KCl)

“Type” refers to the metabolic process that is inhibited by a compound: eNT=equilibrative nucleoside 
transporter, 5-NT=5’-nucleotidase, AK=adenosine kinase, ADA=adenosine deaminase; CAS=Chemical 
Abstract Service Number; NBMPr=6-S-[(4-Nitrophenyl)methyl]-6-thioinosine; AMPCP=adenosine 5’-(α,β-
methylene)diphosphate (ADP analog); eDTA=ethylenediaminetetraacetic acid; eHNA=erythro-9-(2-hy-
droxy-3-nonyl)adenine; PBS=phosphate-buffered saline; NaCl=sodium chloride; KCl=potassium chloride; 
MW=molar weight; M=Molarity

supplementary Table 6. Null hypothesis rejection

examples decision

p1 < 0.05 & p2 < 0.05 reject both null hypothesis H01 and H02

p1 < 0.025 & p2 > 0.05 reject the first null hypothesis H01

p1 > 0.025 & p2 > 0.05 Do not reject any null hypothesis

p1 and p2 depict the p-value of the two main tests; H01=the first null hypothesis (difference in rHI at treat-
ment steady state does not differ during ticagrelor treatment as compared with prasugrel); H02=the second 
null hypothesis (difference in rHI at treatment steady state does not differ during ticagrelor treatment as 
compared with clopidogrel)
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TeXT

Ticagrelor is a non-thienopyridine direct and reversible P2Y12 platelet receptor 
antagonist, and unlike prasugrel or clopidogrel inhibits, at least partially, the sodium-
independent equilibrative nucleoside transporter (eNT) – 1 (1). This ticagrelor-mediated 
off target effect has potential to improve endothelial function (1,2), but the evidence is 
limited (3,4).
The HI-TeCH (Hunting for the off-target propertIes of Ticagrelor on endothelial function 
and other Circulating biomarkers in Humans) study (ClinicalTrial.gov NCT02587260) is 
a randomized, open-label, multicentre crossover study (5). eligible patients suffered at 
least 30 days earlier from an ACS, were free from ischemic or bleeding complications 
and reported regular intake of a dual antiplatelet therapy regimen. each patient was 
exposed to each of the three oral P2Y12 inhibitors following a three-period balanced 
Latin square crossover design with 4 weeks per treatment period.
Primary endpoint measurements were performed 30 ± 5 days after the witnessed intake 
each P2Y12 inhibitor (90 mg b.i.d. for ticagrelor, 10 mg/day for prasugrel or 5 mg/day if 
age>75 years and weight<60 Kg, 75 mg/day for clopidogrel).
Assessment of endothelial function was obtained using pulse amplitude tonometry 
which records digital pulse wave amplitude using fingertip plethysmography (endoPAT; 
Itamar Medical Ltd, Caesarea, Israel) and quantifies the endothelium-mediated changes 
in vascular tone, elicited by a 5-minute occlusion of the brachial artery. A post-occlusion 
to pre-occlusion ratio is calculated by the endoPATTM software and expressed as reac-
tive hyperaemia index (rHI). Assessment of platelet P2Y12 inhibitor functional assay was 
performed with VerifyNow system (Accriva diagnostics, San Diego, USA).
The primary endpoint was defined as rHI at treatment steady state, assessed 1-2 hours 
after MD intake of the three P2Y12 inhibitors, and consisted of two main comparisons: 
ticagrelor vs. prasugrel difference in rHI, and ticagrelor vs. clopidogrel difference in rHI. 
With 36 patients completing all sequences (i.e. 6 patients/sequence) the study provided 
90% power to detect a 10% rHI relative change in the ticagrelor group (rHI after ticagre-
lor MD administration) with a two-sided alpha level at 5%. A total of 54 patients were 
allocated to one of the 6-randomization sequences in 5 centers. Of these, 50 (92.6%) 
patients completed the randomized P2Y12 inhibitor sequence and the primary endpoint 
measure was available for 47 (87.0%).
Mean time from index ACS to baseline visit was 233 ± 189 days, ranging from 38 to 1023 
days. rHI after MD assessment (primary endpoint) did not differ after ticagrelor (N=51, 
1.970±0.535) as compared to prasugrel (N=50, 2.007±0.64; difference, -0·048, 95%CI, 
-0.212 to 0.115, P-value=0.557) or clopidogrel (N=49, 2.072±0.646; difference, -0.034, 
95%CI, -0.200 to 0.132, P-value=0.685) (Figure). P2Y12 platelet reactivity units were lower 
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after ticagrelor as compared to clopidogrel as compared to prasugrel after maintenance 
dose (Figure 1). Sequence of P2Y12 did not impact treatment effects (p=0.492).
Several lines of research have suggested that ticagrelor might exert an adenosine-
mediated P2Y12 –independent mechanism of action. Ours is the third randomized trial to 
assess the off-target effects of ticagrelor on vascular function(3,4); yet the first extending 
the comparison of ticagrelor to both prasugrel and clopidogrel and the first multicenter 
trial being executed in a chronic setting (i.e. focusing on stabilised post-ACS patients).
In prior investigations, the duration of treatment with ticagrelor was either 4 or 5 weeks, 
therefore comparable to the 4-week duration of each P2Y12 inhibitor in our study. We 
recruited patients after a mean time from index ACS of 233 ± 189 days, ranging from 
38 to 1023 days. In both prior studies, patients were recruited at index admission for 
ACS without prior exposure to DAPT. Our findings do not prove that ticagrelor exerts 
measurable off-target effects on endothelial function in stabilised post-ACS patients.
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figure 1. reactive hyperaemia and platelet reactivity at steady state. rHI=reactive hyperaemia index, 
PrU=platelet reactivity units.
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This thesis includes twelve manuscripts from seven original prospective cohort studies 
and two clinical trials addressing two important issues associated with vascular injury 
after PCI in patients with stable coronary artery disease and acute coronary syndrome.
Clinical insights in the consequences of transradial access. radial artery injury is 
probably the most common complication after transradial (Tr) coronary procedures, 
mostly caused by vascular access, placement of the introducer sheath, manipulation 
of the catheter and might be aggravated by radial artery spasm. Optical coherence 
tomography shows radial artery intimal tears, media dissections and thrombi in a large 
proportion of patients after Tr procedures1. In Chapter 1, the r-rADAr study addressed 
the rate of radial artery injury with very-high resolution ultrasound at the puncture site. 
Acute radial artery injuries are ubiquitous with signs of dissection in 90%, hematoma in 
74% and pseudo aneurysm in 15% of patients. After one month radial artery dissection 
and hematoma persisted in the majority of patients (dissection 83%, hematoma 65%) 
with an increase of pseudo aneurysm (56%) and total arterial wall thickness. In this rela-
tively small cohort of patients, radial artery injury was not associated with radial artery 
occlusion or functional complaints of the upper extremity. In Chapter 2, The ACrA study 
addressed the short-term effect of Tr coronary procedures on self-reported upper ex-
tremity function with the validated QuickDASH questionnaire and cold intolerance with 
the validated CISS questionnaire. Despite ubiquitous injury and functional changes of 
the radial artery, upper extremity function and cold intolerance were not decreased one 
month after Tr intervention. Access site related extremity complaints (pain in particular) 
were similarly reported after Tr and transfemoral (TF) access at 1 month. The long-term 
outcome data of the ACrA study are described in Chapter 3. Self-reported upper ex-
tremity function and cold intolerance were not affected by Tr coronary procedures at 
1 year. Access site related extremity complaints diminished considerably over time and 
were equally reported at 1 year by Tr patients (3%) and TF patients (4%).
In the aforementioned studies radial artery spasm was present in 10-12% of patients and 
may cause severe discomfort, arterial wall injury and procedural failure. The ACrA spasm 
study was designed to evaluate if endothelial dysfunction might serve as a predictor 
for radial artery spasm to optimize patient selection for Tr procedures, as described in 
Chapter 4. Unlike radial artery-sheath mismatch and the rAS risk score (including body 
mass index, height, smoking, peripheral artery disease and hypertension) endothelial 
dysfunction by pulse amplitude tonometry was not found to be an additional predictor 
of radial artery spasm in patients undergoing elective Tr procedures.
Vascular injury might lead to radial artery occlusion (rAO) with ischemic complications of 
the hand. The application of non-invasive tests to assess palmar arch patency and prevent 
ischemic complications of the hand are controversial. We therefore designed the ACrA 
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Anatomy study, described in Chapter 5. While angiographic incompleteness of the super-
ficial palmar arch (SPA) was present in 46% of patients, digital perfusion of the hand was 
preserved through a complete deep palmar arch (DPA) in all patients. Digital blood supply 
of the hand was additionally preserved by interosseous collateral arteries in 54%, a persis-
tent median artery in 6% and anastomoses between palmar arches in 49% of patients. The 
pre-procedural application of non-invasive patency tests did not prevent acute ischemic 
complications of the hand. Furthermore, the modified Allen Test and Barbeau test had low 
diagnostics accuracy for palmar arch completeness (57-62%). Future loss of hand function 
was not associated with incompleteness of the SPA. However, a tendency for delayed 
thumb perfusion was present in patients with incompleteness of the SPA, which was the 
basis for the design of the ACrA Perfusion Study (Chapter 6). The consequences of TrI on 
digital hand perfusion were assessed with sequential Laser Doppler Perfusion Imaging. 
Tissue perfusion of the hand was reduced during radial access and Tr band application, 
though not associated with incompleteness of the SPA or future loss of hand function. 
The restoration of tissue perfusion at discharge and homogenous reduction in the con-
tralateral thumb, suggested a systemic effect of Tr intervention. In Chapter 7, the Nexfin 
monitoring system was compared with the LDPI as gold standard for quantification of 
the collateral hand perfusion. Non-invasive patency tests are liable to misinterpretation 
and are unable to predict clinical events. Nexfin is a non-invasive, inexpensive bedside 
test that may calculate the palmar collateral flow index (PCFI) by dividing the average 
uncorrected systolic blood pressure of the thumb prior to and during radial artery oc-
clusion. Nexfin-derived PCFI showed reasonable correlation with LDPI-derived PCFI for 
measuring collateral perfusion (r=0.48, p<0.001) and was correlated with self-reported 
upper extremity function one-month post Tr procedure (QuickDASH, r=-0.54, p<0.01). 
In Chapter 8, the HIrADO study evaluated if chronic radial artery occlusion might lead to 
exercise induced ischemia of the hand. Manual stress was induced by pinch grip, using an 
electronic pinch grip gauge. For the primary outcome of exercise induced hand ischemia, 
no difference in mean transcutaneous oxygen pressures was measured between the rAO 
hand and the contralateral hand after 5 minutes of manual stress (51 mmHg ± 17 vs. 44 ± 
16 mmHg, p=0.18). A similar proportion of significant increased thumb capillary lactate 
(> 15%) was observed in the rAO hand and the contralateral hand after manual stress (33 
% vs. 28% respectively, p=1.00). Chronic rAO resulted into increased compensatory flow 
in the ipsilateral ulnar artery and would not cause impaired digital tissue perfusion of the 
hand.
Insights in microvascular injury and endothelial function after ACs. Microvascular 
injury (MVI) is present in 40-50% of patients with STeMI, despite successful treatment 
with primary PCI. MVI is associated with increased infarct size and has significant 
prognostic implications2, which makes this condition an important treatment target in 
mechanically reperfused STeMI. MVI is angiographically characterized by the “no reflow” 
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phenomenon. The mechanism of MVI is probably multifactorial and currently no clinical 
effective therapy is available. Ticagrelor has been reported to increase plasma adenosine 
levels by inhibition of the adenosine transporter eNT1 and by induction of adenosine 
triphosphate (ATP) release from erythrocytes3, which provides protection for adenos-
ine from intracellular metabolism and might have a protective effect on the coronary 
microcirculation4. Other P2Y12 antagonists and the active metabolites of clopidogrel 
and prasugrel do not display any significant activity versus any of the eNT transport-
ers. elevations of endogenous adenosine may reduce the inflammatory response after 
AMI and the production of oxygen species, reducing ischemia-reperfusion injury5, 6. 
Adenosine also has the capacity to induce endothelial progenitor cell migration7, which 
is suggested to be important in regulating angiogenesis in myocardial infarction. 
Ticagrelor improved peripheral endothelial function in ACS patients, which could not 
be observed with clopidogrel or prasugrel 8. It was also demonstrated that adenosine-
induced coronary blood flow and adenosine-induced coronary vasodilatory response 
were increased by ticagrelor 9, 10. Moreover, coronary blood flow velocity could only be 
enhanced by ticagrelor and not by prasugrel in ACS patients11, and was correlated with 
the plasma concentration of ticagrelor12. These observational data suggest a superior 
effect of ticagrelor over other clinically prescribed P2Y12 inhibitors on the micro- and 
macro-circulation, which was the rationale to initiate the reDUCe-MVI trial and HITeCH 
trial, as described in Chapter 9 an Chapter 11. The reDUCe-MVI trial was a multicenter 
superiority trial with a Prospective randomized Open Blinded endpoint designed to 
determine if ticagrelor therapy after revascularized STeMI was associated with less MVI 
compared to prasugrel therapy at 1 month, as determined by the index of microcircula-
tory resistance (IMr). The primary outcome of IMr in the infarct-related artery was not 
superior in ticagrelor or prasugrel treated patients (ticagrelor 21 [15-39] U, prasugrel 18 
[11-29] U, p=0.08), as described in Chapter 10. At one month no difference in infarct 
size was observed between ticagrelor and prasugrel treated patients (ticagrelor7.6 [IQr 
3.7-14.4] g, prasugrel 9.9 [IQr 5.7-16.6] g, p=0.17). Also, CMr-derived microvascular 
obstruction was not different in patients on ticagrelor (28%) or prasugrel (41%, p=0.35), 
though intramyocardial hemorrhage was observed less frequently in patients with 
ticagrelor (23% vs. 43%, p=0.04). No difference in adenosine plasma concentrations at 
baseline and during ticagrelor or prasugrel maintenance therapy could be detected. 
The HITeCH trial was a randomized open-label multi-center study in patients more than 
one month following PCI for ACS, randomized to ticagrelor, prasugrel or clopidogrel 
following a 3-period balanced Latin square crossover design with 4 weeks per treatment 
period, as described in Chapter 11. The primary endpoint of endothelial function by 
pulse amplitude tonometry, expressed by the reactive hyperemia index (rHI), was not 
different in stabilized ACS patients after 4 weeks of maintenance with ticagrelor (rHI 
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1.970 ± 0.535) as compared with prasugrel (rHI 2.007 ± 0.64, p= 0.557) or clopidogrel 
(rHI 2.072 ± 0.646, p= 0.685), as described in Chapter 12.

Clinical perspectives

Part II – Although transradial coronary intervention induces radial artery injury in a large 
proportion of patients, it will generally not affect self-reported upper extremity function. 
However, the induced anatomic and functional changes may have negative implications 
for the subsequent use of the radial artery in CABG or reconstructive surgery. Importantly, 
radial artery occlusion precludes future ipsilateral Tr intervention, though will not lead 
to exercise induced ischemia of the hand. This thesis demonstrates that digital hand 
perfusion is preserved by the palmar arch circulation and collateral arterial anastomoses 
during Tr intervention and radial artery occlusion and suggest the redundancy of the 
modified Allen Test and Barbeau test in clinical practice. Despite modern equipment and 
techniques, radial artery spasm is still present in a large proportion of patient and might 
lead to discomfort and access site conversion without affecting procedural success. The 
association with radial artery dimensions and discordance with angiographic signs of 
radial artery spasm, suggest that this clinical syndrome is not merely caused by smooth 
muscle cell contraction. The results of this thesis are important to inform patients and 
physicians adequately about the safety of Tr access, especially when optimal upper 
extremity function is essential.
Part III - This thesis shows that coronary microvascular injury is present in a substantial 
amount patients. The attributed pleiotropic effects of ticagrelor through the adenosine 
metabolism could not be confirmed in patients with acute coronary syndrome, result-
ing in a similar extent of microvascular injury, infarct size and endothelial function as 
compared to prasugrel maintenance therapy after PCI. Future randomized trials with 
sufficient power will establish the difference in long-term clinical outcome between 
ticagrelor and prasugrel treated patients13.

future perspectives

Prognosis of patients with CAD has improved significantly over the last decades14, 
though remains the most frequent cause of death according to the World Health 
Organization. Percutaneous coronary intervention is an important minimally invasive 
technique to limit major adverse cardiac events and morbidity and improve quality of 
life. As discussed in this thesis, further improvement of this technique is mandatory to 
overcome remaining issues related to vascular injury.
Slender technologies have been developed to reduce access site related vascular injury 
and radial artery occlusion15. Miniaturization of Tr equipment to reduce the sheath-
to-artery mismatch might also reduce pain and the occurrence of radial artery spasm 
during Tr procedures, as supported by chapter 4 of this thesis. The impact of sheathless 
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radial artery access and Glidesheath Slender technology on vascular complications and 
upper extremity dysfunction will be subject of future research. Patients with complex 
coronary lesions requiring treatment with large-bore guiding catheters may also benefit 
from Tr intervention with slender technology16. Still, the femoral artery is often used for 
complex PCI with large-bore guiding catheters due to the radial artery-sheath mismatch 
17, 18 and fear of insufficient back-up, which is in return associated with vascular bleeding 
complications19 and adverse clinical outcome. The COLOr trial is a multicenter random-
ized trial that has been initiated to compare radial with femoral access for complex PCI 
with large-bore 7Fr. guiding catheters with regard to safety and efficacy (ClinicalTrials.
gov Identifier:NCT03846752). extremity dysfunction will also be compared between 
patients treated with radial and femoral access. Although limb dysfunction after cardiac 
procedures is rare, data around this important endpoint is limited20. Future consensus 
documents should critically address the different methods for upper extremity function 
and radial artery spasm evaluation.
An alternative access site that gained much attention is the distal radial artery located 
in the anatomical snuffbox on the dorsal side of the hand21. Next to a potentially more 
comfortable position for both patient and operator, Tr procedures through the 
anatomical snuffbox might prevent tissue ischemia when occlusion occurs distal to the 
superficial branch of the radial artery, maintaining antegrade flow to the SPA. Distal rAO 
still enables future Tr procedures through the ipsilateral radial artery. However, damage 
to the superficial branch of the radial nerve, located near the distal radial artery in the 
anatomical snuffbox, might lead to severe extremity complaints and hand dysfunction. 
Future studies with sufficient power should address this specific topic.
Ultrasound guided puncture of the (distal) radial artery, ulnar artery and femoral artery 
might be a solution to prevent injury to the vasculature and adjacent structures22. 
evidence to apply ultrasoud guided puncture for jugular and femoral venous access is 
compelling and is supported by guidelines23. Ultrasound guided access will reduce in-
jury to adjacent structures, the number of punctures, procedural time and improves suc-
ces rate of vascular access. For femoral artery access, vascular access site complications 
were reduced by 59% and first pass succes rate by 83 % in comparison to angiography 
guided puncture24. Ultrasound guidance for radial artery access leads to improvement 
of first pass succes rate, access time and number of punctures25. Future randomized trial 
should address the potential benefit of ultrasound guidance over traditional palpation 
(landmark) with regard to radial artery occlusion and procedurel pain by reducing the 
number of puncture, as suggested in chapter one of this thesis. Furthermore, the impor-
tance of reducing hemostasis and occlusive compression time in patients at increased 
risk of rAO, especially when using larger sheath sizes, was recently demonstrated in 
a substudy of the rap and Beat trial26, and should probably be emphasized in future 
consensus documents.
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Injury to the microcirculation remains an important issue in STeMI patients despite 
restoration of epicardial vessel patency with primary PCI. In this thesis, we have outlined 
the high incidence and prognostic implications of MVI, which may not be attenuated 
by ticagrelor. Distal embolization of thrombotic material and/or atherosclerotic plaque 
components with mechanical obstruction of the microcirculation and the release of cy-
tokines and other vasoactive substances has been suggested as important mechanism 
of MVI. routine thrombus aspiration during primary PCI has been tested for the preven-
tion and treatment of myocardial no-reflow, though failed to show a clinical benefit in 
large randomized trials27. However, trends toward reduced cardiovascular death and 
increased stroke provide a rationale for future trials of improved thrombus aspiration 
technologies in patients with high-thrombotic burden. Moreover, outcome data need 
confirmation in every day clinical practice because trial participants have a different 
clinical profile and outcome (selection bias)28. Novel technologies, such as pressure-
controlled intermittent coronary sinus occlusion (PICSO)29, may be attractive to improve 
microcirculatory perfusion in STeMI but also require further testing in randomized trials.
The mechanism of MVI is probably multifactorial30, though an important role of innate 
inflammatory cells is suggested. Next to neutrophilic granulocytes, monocytes may 
have a significant effect on the occurrence of MVI31, 32. Non-selective beta-blockers have 
the potential to reduce recruitment of innate inflammatory cells through regulation of 
hematopoietic progenitor cells by antagonizing the beta3-adrenergic receptors33 and 
may therefore be a potential therapy in the acute phase of STeMI to reduce MVI34. Selec-
tive beta-1 adrenoceptor blockers do not have the properties to block the production of 
monocytes and early IV administration of metoprolol in STeMI patients was not associ-
ated with a reduction in infarct size35.
Currently, timely reperfusion remains the corner stone for MVI and infarct size reduc-
tion. This may be accomplished by a well-organized primary PCI network to secure 
short door to balloon times36. Also, early administration of drugs that interfere with 
reperfusion (injury) should be the focus of future research. It was recently demonstrated 
that infarct size in transient STeMI is small and is not influenced by an early invasive 
strategy37, though might be affected by early administration of more potent antiplatelet 
or anticoagulant therapy. However, CMr-derived MVI is closely correlated with histo-
logical disruption of the microcirculation and intra-myocardial hemorrhage (IMH)38. This 
implies that future therapies should aim to preserve vascular integrity and early treat-
ment with potent anticoagulants or P2Y12 inhibitors may paradoxically aggravate MVI. 
Further research is needed to understand the pathophysiological mechanisms of MVI to 
develop personalized management for each STeMI patient in the spirit of contemporary 
“precision medicine”. New intracoronary physiology indices, e.g. absolute microvascular 
resistance39, might also be useful for better understanding and identification of patients 
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at risk for MVI after primary PCI that might be treated with targeted therapies in the early 
phase of acute myocardial infarction40.
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