
VU Research Portal

Effects of Insulin and Type 1 Diabetes on the Human Brain: Imaging Studies Using PET
and fMRI
van Golen, L.W.

2013

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
van Golen, L. W. (2013). Effects of Insulin and Type 1 Diabetes on the Human Brain: Imaging Studies Using
PET and fMRI. [PhD-Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/5800b98b-cea9-4059-8f15-193ee64e8b44


CHAPTER 6

Quantification of cerebral blood flow 
in healthy subjects and  

type 1 diabetic patients: 
comparison of MRI arterial spin labeling 

and [15O]H2O PET
  

Submitted

Larissa W. van Golen*

Joost P.A. Kuijer*

Marc C. Huisman 
Richard G. IJzerman

Frederik Barkhof 
Michaela Diamant

Adriaan A. Lammertsma

*Both authors contributed equally

CH6_jmri.indd   123 17-4-2013   13:07:55



124

CHAPTER 6. CBF quantification using ASL MRI versus [15O]H2O PET

ABSTRACT
Purpose: To compare cerebral blood flow (CBF) values measured using MRI 
arterial spin labelling (ASL) with those obtained with [15O]H2O positron emission 
tomography (PET),  the gold standard for measuring CBF in vivo. 
Materials and methods: Data were collected in 11 healthy men and in 20 
age and BMI matched type 1 diabetic men. Pseudo-continuous ASL (PCASL) 
data were acquired at 3T and [15O]H2O PET scans were acquired using a high 
resolution PET scanner. Input functions were obtained using on-line arterial 
blood sampling. Whole brain and regional CBF values were compared.
Results: For both modalities, whole brain CBF was similar in both subject groups. 
In groups combined, average whole brain perfusion was 0.30 ± 0.05 mL · cm-3· 
min-1 for [15O]H2O PET and 0.34 ± 0.05 mL · cm-3 · min-1 for ASL MRI (P < 0.01). 
A significant correlation between methods was observed for whole brain, grey 
and white matter. In 12 out of 33 brain regions a significant difference between 
methods was observed. 
Conclusion: PCASL provides CBF values that correlate with [15O]H2O PET derived 
values, but is less accurate. PCASL may be an attractive alternative when absolute 
quantification is not needed. 
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INTRODUCTION
Measurement of cerebral blood flow (CBF) is an important tool in diagnosis of 
brain diseases. [15O]H2O positron emission tomography (PET) is considered the 
gold standard for regional CBF in humans (1). A disadvantage of this technique is 
its limited availability, resulting from the requirement of an on-line cyclotron for 
the production of 15O with its half-life of only two minutes. MRI has the potential 
to provide an alternative, more widely available, technique for measuring CBF. 
Arterial spin labeling (ASL) is an MRI technique that employs magnetically 
labeled protons in arterial blood as a diffusible tracer. At the level of the carotid 
arteries, an appropriate series of radiofrequency pulses is applied in order to 
label water protons in arterial blood. When entering the capillary level, these 
labeled water protons alter magnetization of tissue in a way that can be measured 
quantitatively (2). Both labeled and control images are acquired and a perfusion 
weighted image is generated by subtraction of these images (2). 
At present, ASL is mainly used in research settings. Various implementations of 
ASL exist and have been compared with [15O]H2O PET (1, 3-5). Recenlty, the PCASL 
implementation became commercially available of which the implementation 
could increase the clinical applicability and standardization of ASL. This sequence 
has only been compared with blood flow measurements using [15O]H2O PET (3) 
in a study without arterial input function and therefore no absolute quantitative 
PET derived CBF values were available for comparison. 
Using various implementations, ASL has been compared with [15O]H2O PET 
primarily in healthy volunteers (3-5), and in patients with severely compromised 
hemodynamics (1) or with age-related flow decreases (3). In these studies good 
correlation between methods were found (3-6) but differences were observed 
as well (4-6). Most studies included only global grey matter (GM) and/or white 
matter (WM) CBF without detailed regional information. Since ASL is based on 
several assumptions (e.g. a fixed blood T1 and fixed arterial transit time, which 
could differ in particular patient populations) it would be of interest to know if 
this method can produce reliable CBF values in diabetic patients. These patients 
are characterized by high and fluctuating blood glucose and insulin levels, which 
damage the vascular wall (7), affect blood flow in peripheral tissues (8, 9), and 
may also affect CBF (10-16). 
The aim of this study was to compare both global and regional absolute PCASL 
MRI derived CBF, acquired using a widely available commercial sequence, with 
[15O]H2O PET derived CBF - including arterial sampling to obtain the arterial 
input function - in healthy volunteers and type 1 diabetic patients.

Materials and study design
This cross-sectional study was part of a larger trial and was approved by the local 
Medical Ethics Review Committee and conducted in line with the Declaration 
of Helsinki. From January 2009 until May 2011, subjects were included in the 
study after written informed consent was obtained; the last follow-up visit 
was on 13 December 2011. The study consisted of a screening visit to assess 
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eligibility for participation and two end-point visits, during which MRI and PET 
scans were acquired. PET scans were performed one day to one month after MRI 
scans. Subjects were either healthy men, in whom glucometabolic abnormalities 
were excluded by a 75 g oral glucose tolerance test, or men with well-controlled 
type 1 diabetes of at least one year duration. Groups were matched for age (18 
to 60 years) and BMI (18-35 kg/m2). Exclusion criteria for all subjects were a 
history of cardiovascular, renal or liver disease, severe head trauma, neurological 
or psychiatric disorders, endocrine diseases not well-controlled for the last 
three months, inability to undergo MRI scanning, substance abuse or the use 
of anticoagulants, oral steroids or any centrally acting agent. Exclusion criteria 
for type 1 diabetic patients were glycated hemoglobin A1C > 8.5%, proliferative 
retinopathy, a history of recurrent severe hypoglycemia, or a medical history of 
hypo-unawareness.  

Subject preparation
Prior to each imaging visit, participants were instructed to refrain from food, 
alcohol and coffee from 10:00 PM on the day before scanning. Subjects arrived 
at the hospital at 7:15 AM and blood glucose was measured and adjusted, when 
necessary, by infusion of 20% glucose. Patients remained fasting during the 
entire imaging procedure. 
At the PET visit, intravenous catheters were placed in the antecubital vein for 
blood collection and tracer injection. The radial artery was cannulated by 
an experienced anesthesiologist after checking for collateral circulation and 
administration of local anesthesia using intradermal 1% lidocain. Both cannulas 
were kept patent by a 3 IE/mL 0.9% NaCl heparin solution. PET scans were 
performed between 9:30 and 10:00 AM to minimize diurnal variations. MRI 
scans were performed between 8:00 and 9:00 AM. 

Data acquisition: MRI
Structural images were acquired on a 3.0 T Signa HDxt MRI scanner (GE Medical 
Systems, Milwaukee, WI, USA), using a 3D T1-weighted inversion recovery fast 
spoiled gradient echo (IR-FSPGR) sequence (inversion time (TI) 450 ms, pulse 
repetition time (TR) 7.8 ms, echo time (TE) 3.0 ms, voxel size 0.94 × 0.94 ×  1 mm). 
PCASL with background suppression (BS) was followed by a 3D fast spin echo 
(FSE) spiral acquisition to acquire perfusion images. No vascular crushers were 
applied. Details of labeling and acquisition schemes are described elsewhere (3). 
Acquisition parameters were: label duration 1.5 s, post-label delay 1.5 s, TR 4.3 
s, TE 9 ms, spiral readout with 8 arms x 512 samples, readout bandwidth 62.5 
kHz, in-plane resolution 3.2 × 3.2 mm interpolated to 1.7 × 1.7 mm; 36 × 5.0 
mm axial slices, 2 excitations, scan time approximately 4 min. An approximate 
proton density (PD)-weighted image was obtained by a one-excitation saturation 
recovery (SR) acquisition, therefore correcting for coil sensitivities.

Data acquisition: PET
PET scans were performed using a High Resolution Research Tomograph 
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(HRRT) (Siemens/CTI, Knoxvillle, TN, USA) scanner. A protocol was followed as 
previously described (17). Prior to or immediately after the [15O]H2O scan, a 6 min 
transmission scan was acquired for attenuation and scatter correction purposes. 
A bolus of 800 MBq [15O]H2O was administered intravenously, 10 s after starting 
a 10 min 3D dynamic emission scan. During the scan, arterial radioactivity 
was monitored continuously using a dedicated on-line blood sampler (18). In 
addition, manual samples were taken for cross-calibration of the measured input 
function. Arterial samples were also used to measure plasma glucose levels. 

Data analysis
CBF quantification: MRI
All scans were 3D corrected for gradient non-linearity. Further data analyses 
were carried out using FSL (the FMRIB Software Library, version 4.1; http://
www.fmrib.ox.ac.uk/fsl). Pre-processing of T1 images consisted of non-brain 
tissue removal (19), providing a brain mask. CBF maps were calculated using a 
single tissue compartment model (20):

with post-label delay w = 1.5 s, labeling time τ = 1.5 s, partition coefficient λ 
= 0.9, labeling efficiency ε = 0.8 · 0.75 (label PCASL · background suppression), 
T1 of blood T1B = 1.4 s, SR time for PD image TSAT = 2.0 s and correction for SR 
in PD image T1GM = 1.2 s. ΔS represents the ASL difference image and S0 the PD 
reference image. This choice of model parameters was implemented by GE 
Medical Systems in a research version of the PCASL software (version 15M4), 
similar to their product version of PCASL.

CBF quantification: PET
PET images were processed as described previously (17). Blood sampler 
data were scaled to manual samples and corrected for delay and dispersion 
by fitting the early part of the sampler curve to the whole brain time-activity 
curve (TAC) using a single tissue compartment model to estimate the delay and 
dispersion constants (21). Fully corrected sinograms were reconstructed using 
the iterative 3D ordinary Poisson ordered-subsets expectation maximization 
(OP-OSEM) algorithm (22) resulting in 207 image planes with 256 × 256 voxels 
and a voxel size of 1.22 × 1.22 × 1.22 mm3. The effective spatial resolution of 
the reconstructed images was 3 mm full width at half maximum (FWHM).  PET 
images were resampled and cropped into a 128 × 128 × 63 matrix consisting of 
isotropic voxels with a linear dimension of 2.44 mm. 
The gold-standard to obtain quantitative CBF is by full kinetic analysis and a 
single tissue compartment model, using nonlinear regression (NLR) of regional 
TAC data with an arterial input curve. CBF and the partition coefficient, VT , can 
be derived from:

CH6_jmri.indd   127 17-4-2013   13:07:56



128

CHAPTER 6. CBF quantification using ASL MRI versus [15O]H2O PET

 CT (t) = F exp (- F· t/ VT) * CA(t)       
 
where CT is tissue concentration of [15O]H2O, CA is arterial concentration of 
[15O]H2O, F is CBF, VT (or λ) is the volume of distribution of water, t is time and 
* denotes  convolution.  Parametric CBF images can be obtained using a basis 
function method (BFM) implementation (23) of this gold-standard method, 
producing similar CBF values after smoothing with a 6 mm FWHM Gaussian filter 
(17). Parametric CBF PET images were compared to ASL MRI CBF images.

Regional CBF quantification and comparison of methods
In order to match the resolution of ASL with PET data, ASL data were smoothed 
(5.9 mm FWHM Gaussian filter). CBF maps of both PET and ASL were registered 
with 6 degrees of freedom to the brain extracted T1 images using FSL. Average 
whole brain CBF values for both methods were calculated within the brain mask. 
Brain regions were delineated using PVElab (24), which automatically generates 
volume-of-interest brain templates. Sixteen left and right regions (cerebellum, 
orbitofrontal cortex, medial inferior frontal cortex, anterior and posterior 
cingulate cortex, thalamus, insula, caudate nucleus, putamen, superior temporal 
cortex, parietal cortex, medial inferior temporal cortex, superior frontal cortex, 
occipital cortex, sensorimotor cortex, hippocampus) and one WM region were 
obtained in PET data space and consecutively mapped to the ASL data space, 
using the registrations of both scans on the anatomical image as described above. 
Average perfusion for each region was then calculated as the mean of all voxels 
within that region. Global GM perfusion was calculated as the average perfusion 
of all GM regions, taking into account the volume of each region. In addition, 
this analysis was performed after proportional scaling: for each subject regional 
data were divided by whole brain CBF value of that subject to compare regional 
distribution irrespective of global differences. 

Biochemical analysis
Blood glucose was measured using a blood glucose meter (OneTouch ultra 
easy, LifeScan, Inc. Milpitas, CA, USA). In addition, arterial glucose samples 
were measured using the hexokinase method (Glucoquant; Roche Diagnostics, 
Mannheim, Germany). Glycated hemoglobin A1C was measured by cation-
exchange chromatography (reference values: 4.3–6.1%; Menarini Diagnostics, 
Florence, Italy). Serum insulin concentrations were quantified using 
immunometric assays (Advia Centaur; Siemens Medical Solutions Diagnostics, 
Deerfield, IL, USA). Urine microalbumin was quantified using immunonefelometry 
(Immage 800, Beckman Coulter, Brea, CA, USA). 

Statistical analysis
Group data are expressed as mean ± standard deviation (SD). Differences 
between groups were tested by 2-tailed Student’s t-tests. Differences between 
both MRI and PET were tested by paired 2-tailed Student’s t-tests. Analyses 
were performed using SPSS for Windows, version 20.0 (SPSS, Chicago, IL, USA). 
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A P-value < 0.05 was considered statistically significant. For regional analyses, 
a Bonferroni correction was applied to adjust the significance level for multiple 
testing. Reported coefficients of variation (CoV) are SD divided by mean values. 
For the difference between PET and MRI, the CoV was calculated relative to mean 
perfusion.
Parametric CBF images were analyzed using SPM8 software (Wellcome Trust 
Centre for Neuroimaging, UK). Images were co-registered to their corresponding 
T1-weighted MRI images and normalized to MNI space. Paired t-tests were 
performed for difference between PET and MRI and are reported without cluster 
size restriction at P < 0.05 corrected for multiple comparisons according to the 
Family Wise Error (FWE) method (25). Analyses were additionally performed 
using proportional scaling to account for global differences between both 
methods. 

RESULTS
Combined PET and MRI data were available for 11 healthy and 20 type 1 diabetic 
men (Table 6.1); a representative image of CBF MRI and PET data is shown in 
Figure 6.1.
PET data were acquired on average 21 ± 22 days after MRI data (39 ± 26 days 
in healthy and 10 ± 10 days in diabetic men). Whole brain, GM and WM CBF, as 
measured with both PET and MRI, are summarized in Table 6.2. Neither with 
ASL MRI nor with [15O]H2O PET, significant CBF differences between groups were 
found; therefore data were pooled. For all subjects together, average whole brain 
perfusion was 0.30 ± 0.05 mL · cm-3 · min-1 for [15O]H2O PET and 0.34 ± 0.05 mL 
· cm-3 · min-1 for ASL MRI (difference 0.04 ± 0.05, P < 0.01). Differences between 
methods were also significant between GM and WM CBF in diabetic subjects and 
in the pooled group, and for whole brain and WM in healthy controls. In pooled 
data, whole brain and WM between-subjects CoV was equal for both methods 

Figure 6.1 Representative T1 MRI image, [15O]H2O PET image and an ASL MRI image 
of a single subject. Color bar represents CBF in mL · cm-3 · min-1. The ASL image was 
smoothed by a 5.9 mm FWHM Gaussian filter.
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Healthy controls T1D patients

N, sex 11 male 20 male
Age (years) 34.7 ± 13.8 36.1 ± 9.6
Diabetes duration (years) n/a 12.7 ± 9.7
Age of diabetes onset (years) n/a 23.4 ± 10.2
BMI (kg/m2) 24.8 ± 3.1 24.9 ± 2.6
Systolic Blood Pressure (mmHg) 114 ± 7 112 ± 11
Diastolic Blood Pressure (mmHg) 76 ± 7 75 ± 8
Heart rate (s) 68 ± 11 65 ± 10
A1C (%) 5.3 ± 0.2 7.3 ± 0.6*
Albumin: creatinine ratio (mg/mmol) 0.36 ± 0.2 0.61 ± 0.5
Total brain volume (mL) † 1527 ± 95 1473 ± 68
Mean blood glucose at MRI (mmol/L) 5.1 ± 0.5 11.0 ± 3.9*
Mean arterial glucose at PET (mmol/L) 5.5 ± 0.2 10.0 ± 3.0*

Mean ± SD; T1D, type 1 diabetes; * P < 0.001 between-group difference; †measured with 
MRI.

Table 6.1 Subject characteristics 

(15%); in GM CoV was larger for ASL (17% versus 14% for PET). No differences 
between groups in differences between PET and MRI were found. 
Figure 6.2a, c and e show scatter plots comparing MRI and PET derived CBF 
values for both diabetic patients and healthy volunteers in GM, WM and whole 
brain, respectively. Figure 6.2b, d and f show differences between methods in 
corresponding Bland-Altman plots. These plots again show neither systematic 
differences between groups, nor suggest a relationship between the difference 
between methods and the mean CBF.
Results of regression analyses for whole brain, GM and WM CBF, per group and 
for pooled data, are shown in Table 6.3. Significant correlations were observed 
for all pooled data, and for GM and whole brain in diabetic patients.
On a regional basis, no significant difference in CBF between patients and controls 
were observed for PET derived CBF, nor for ASL derived CBF after correcting for 
multiple comparisons (Bonferroni). 
Figure 6.3 shows pooled (healthy and diabetic subjects) regional data for 
both methods, demonstrating regional variability in CBF. In addition, it can 
be observed that differences between MRI and PET derived CBF values were 
heterogeneous, with significant differences for 12 out of 33 brain regions after 
correcting for multiple comparisons. Most marked differences were observed in 
anterior and posterior cingulate cortex, putamen, superior temporal lobe and 
hippocampus. Differences between methods were similar in both subject groups 
without correcting for multiple testing.
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CBF 
[mL · cm-3 · 
min-1]

Whole brain GM WM

Total (n = 31)

[15O]H2O PET 0.30 ± 0.05 (15%) 0.37 ± 0.05 (14%) 0.26 ± 0.04 (15%)
MRI ASL 0.34 ± 0.05 (15%) 0.40 ± 0.07 (17%) 0.29 ± 0.04 (15%)
Difference 0.04 ± 0.05 (16%) ** 0.04 ± 0.06 (16%)** 0.04 ± 0.04 (16%)***
Controls (n = 11)

[15O]H2O PET 0.31 ± 0.05 (15%) 0.38 ± 0.05 (13%) 0.27 ± 0.05 (18%)
MRI ASL 0.35 ± 0.04 (10%) 0.42 ± 0.05 (11%) 0.30 ± 0.04 (12%)

Difference 0.04 ± 0.05  (14%)* 0.03 ± 0.05 (14%) 0.03 ± 0.04 (15%)*
Patients (n = 20)

[15O]H2O PET 0.29 ± 0.04 (14%) 0.36 ± 0.05 (15%) 0.25 ± 0.03 (13%)
MRI ASL 0.34 ± 0.06 (18%) 0.40 ± 0.08 (19%) 0.29 ± 0.05 (17%)
Difference 0.05 ± 0.05 (15%) ** 0.04 ± 0.07 (18%)* 0.04 ± 0.05 (17%)**

* P<0.05, ** P<0.01, ***P< 0.001, for difference between methods. Reported values: mean 
± SD (CoV). GM (grey matter) CBF was calculated as volume weighted average over 32 
regions. WM (white matter) was derived from one region. For difference measures, the 
CoV was calculated relative to mean CBF of PET and MRI.

Table 6.2 Perfusion results

Proportional scaling of regional CBF data reduced between-subjects within-
region variance (expressed as CoV) from 16% to 9% (PET) and 18% to 11% 
(ASL). The agreement between PET and ASL improved, as demonstrated by a 
reduction in variance of the difference between methods (expressed as CoV 
relative to mean CBF) from 22% to 16%.
Figure 6.4 shows results of the voxel-wise SPM analysis. After proportional 
scaling, significant differences between both measurements were observed in 
both diabetic patients and healthy volunteers, most pronounced in anterior and 
posterior cingulate cortex/ corpus callosum, where CBF was significantly higher 
when derived from ASL MRI than from [15O]H2O PET. In contrast, PET derived 
CBF values were significantly higher in bilateral striatum. Analyses without 
proportional scaling produced similar results. These data are in line with regional 
data presented above. 
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Figure 6.2a, c, e Scatter plot of GM, WM and whole brain CBF respectively, measured with 
ASL MRI against [15O]H2O PET for control (open circles) and diabetic (black dots) subjects. 
The dashed line represents the regression line of control subjects and the black line that of 
diabetic subjects. The thin line is the line of identity. Figure 6.2b, d, f Bland-Altman plot of 
difference against mean GM, WM and whole brain CBF respectively, of both methods. The 
solid line indicates the mean of all data, while dashed lines indicate mean ± 2 SD. 
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Table 6.3 Linear regression parameters for [15O]H2O PET versus ASL MRI 

Data subgroup or subset R2 a0  [95% CI] a1  [95% CI]

GM (all subjects) 0.23** 0.18 [0.03, 0.34] 0.61 [0.19, 1.0]
    control subjects 0.12 0.29 [0.02, 0.55] 0.34 [-0.35, 1.0]
    diabetic subjects 0.25* 0.14 [-0.07, 0.36] 0.71 [0.11, 1.3]
WM (all subjects) 0.20* 0.17 [0.07, 0.26] 0.49 [0.11, 0.87]
    control subjects 0.28 0.20 [0.07, 0.32] 0.39 [-0.079, 0.85]
    diabetic subjects 0.16 0.14 [-0.03, 0.31] 0.60 [-0.076, 1.3]
Whole brain (all subjects) 0.20* 0.19 [0.07, 0.31] 0.51 [0.13, 0.90]
    control subjects 0.13 0.27 [0.10, 0.43] 0.27 [-0.26, 0.80]
    diabetic subjects 0.22* 0.15 [-0.03, 0.32] 0.65 [0.052, 1.3]

Model: CBF ASL = a0 + a1 * CBF PET ;* P < 0.05, ** P < 0.01.

Figure 6.3 Regional comparison of CBF measured with PET (white bars) and MRI 
(black bars). Error bars indicate 2 SD. Regions were based on PVElab. Numbers behind 
the region label represent volumes in mL. Note that the vertical axis starts at 20 mL · cm-3 

· min-1.
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Figure 6.4a SPM images showing higher ASL MRI derived CBF compared with [15O]
H2O PET derived CBF in healthy volunteers (n = 11), mainly in anterior cingulate cortex 
(0, 34, 4 mm (MNI space), Z = 5.36, PFWE = 0.01) and posterior cingulate cortex (0, -14, 28 
mm, Z = 6.45, PFWE < 0.001) (red) together with lower ASL MRI derived CBF compared 
with [15O]H2O PET derived CBF in bilateral striatum (24, -4, 4 mm, Z = 5.26, PFWE = 0.02 
and -18, -16, 6 mm, Z = 4.82, PFWE = 0.2) (blue). Proportional scaling was applied to the 
data. b SPM images showing higher ASL MRI-derived CBF compared with [15O]H2O 
PET derived CBF in diabetic subjects (n = 20), mainly in anterior cingulate cortex (-2, 
36, 0 mm, Z = 5.68, PFWE = 0.002) and posterior cingulate cortex/ corpus callosum (-2, -22, 
22 mm, Z > 8, PFWE < 0.001) (red) together with lower ASL MRI derived CBF compared 
with [15O]H2O PET derived CBF in bilateral striatum (-30, 0, 0 mm, Z = 6.56, PFWE < 
0.001 and 34, 0, 2 mm, Z = 6.07, PFWE < 0.001) (blue). Proportional scaling was applied to 
the data. 

DISCUSSION
Using a commercially available implementation, we showed a correlation 
between ASL MRI and [15O]H2O PET derived CBF values in a population of healthy 
volunteers and well-controlled type 1 diabetic patients. Nevertheless, significant 
global and regional differences between methods were also observed. In contrast 
to what was expected based on previous studies in type 1 diabetes (10-12, 14-
16, 26, 27) no significant differences were observed between diabetic patients 
and healthy volunteers using either ASL MRI or [15O]H2O PET, which limited the 
CBF range in the present study but allowed for pooling of data. The finding of a 
similar CBF in type 1 diabetic patients to healthy volunteers could be due to the 
limited number of healthy volunteers included in the present study. 
The present data are in line with those of Henriksen and co-workers (28), who 
measured CBF using the Quasar ASL sequence, (based on a multi-slice pulsed 
ASL technique) in young volunteers (men and women, median age 24 years) 
and reported a mean whole brain CBF of 0.37 mL · cm-3 · min-1, similar to  ASL 
data in the present study (0.35 mL · cm-3 · min-1 in healthy volunteers). Gevers 
and co-workers showed however lower whole brain CBF values of 0.25 mL · 
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cm-3 · min-1 in healthy subjects (five men, one woman; age 25-50 years), using a 
similar PCASL with BS, which emphasizes the need for ASL standardization. CoV 
between subjects in the present study (15%) agreed with that of reported by 
Henriksen and co-workers (16%) (28). In the latter study, however, no significant 
correlation between PET and ASL derived CBF values was found, possibly due to 
larger intra-subject variations resulting from diurnal variations, menstrual cycle 
dependent variations, and a longer time interval (on average 3 months) between 
PET and ASL measurements. Furthermore, the SD of the difference between 
PET and MRI derived CBF values in the present study (0.05 mL · cm-3 · min-1) 
is comparable with reported values for between-session SD of ASL; the Quasar 
study (29) reported an SD of 0.05 mL · cm-3 · min-1 for a 13 day interval, which 
suggests that a large part of the variance may be attributed to physiological and 
measurement variance, not to subject-method interactions. 
The analysis of parametric PET images using the BFM is a simplification of 
the gold-standard full kinetic analysis of dynamic PET images; however, it was 
previously shown that both methods have excellent correlations in a group of 
healthy volunteers (17). Also, the use of parametric images allowed for a direct 
comparison of PET and MRI images, and both had a similar spatial resolution 
after smoothing, which excludes differences in resolution as a cause of CBF 
differences between methods.
Quantification of CBF using ASL is based on several assumptions, such as fixed 
arterial transit time, fixed λ (for whole brain) and fixed T1 values of blood and 
tissue. Theoretically, CBF should be calculated for GM and WM separately and 
in addition, these fixed values could differ in diabetic patients from healthy 
volunteers. Although this could be a possible source of error, these parameters 
were applied intentionally as these are the standard product parameters. In 
addition, when calculating GM and WM separately, this might introduce an 
additional error due to possible segmentation inconsistencies. 
Correlation coefficients reported in Table 6.2 appear to be rather low. This is 
likely due to the limited range of CBF values within each tissue class compared to 
the measurement variance. The size of the control group was only half that of the 
patient group, probably explaining the lack of correlation between PET and MRI 
derived CBF values for healthy controls. In contrast, assessments of correlation 
for diabetic patients and especially for all subjects together are more reliable due 
to larger group sizes.
The reasons for the regional differences between both methods are as yet not 
clear. In the reconstructed PET image the spatial resolution is 2.5-3.0 mm (22). 
Therefore, the effective spatial resolution in the image is dominated by the 6 
mm Gaussian filter and will be homogeneous over the field of view. For MRI 
measurements, it is known that the signal-to-noise ratio is lower in the middle of 
the brain, as this region is further away from the head coil. This should, however, 
not lead to bias in CBF. Furthermore, since differences between methods are 
not especially located in particular brain regions that are relatively late (after 
labeling) supplied by arterial blood, differences between methods are likely 
to be related to intrinsic regional tissue properties, and not for example to 
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inappropriate vascular labeling in ASL.
As mentioned, ASL CBF measures are based on the assumption of a fixed λ. 
While this value of 0.90 is in line with literature data, λ has also shown to change 
regionally (30), as was observed in the present PET data (data not shown). We 
explored whether fixing λ at 0.90 in PET data would decrease regional differences 
between methods, which was not the case; this does therefore not explain the 
observed regional differences between methods. 
A possible explanation for global differences between methods, is the time of 
scanning, since all MRI scans were acquired between 8 and 9 AM and all PET 
scans somewhat later, between 9.30 and 10 AM. Diurnal variations in CBF have 
been shown previously (31-33), however, this small variation in time is not likely 
to result in CBF differences, measured during stable supine conditions (34). In 
addition, the PET scan could have caused more stress due to arterial sampling 
during the scan and a less comfortable table, whereas the ASL MRI was acquired 
in between a memory task and accompanied by noise but a more uneventful 
environment. Stress, e.g. cortisol levels or pulse rate during data acquisition were 
unfortunately not measured in the present study and in addition, higher stress 
levels during PET acquisition would increase instead of decrease CBF compared 
to ASL.
GM/WM ratios were 1.4 for all subjects and both methods investigated. This 
is lower than previously reported values of ~3.0 in [15O]H2O PET studies (17, 
35), probably due to too high absolute WM values resulting from GM spill-in and 
similarly too low GM values resulting from partial volume effects (17). Indeed Xu 
and co-workers observed higher GM and lower WM (manually selected ‘clean’ 
WM) CBF values compared to the present data using ASL MRI both in young and 
older subjects (3). No partial volume correction was applied to the present data 
intentionally, as potential errors could be introduced due to between-method 
differences in this method. In addition, spatial filtering was applied to guarantee 
the same spatial resolution for both modalities. Errors in segmentation (region 
of interest location and size) and blurring effects due to the 3D spiral read-out of 
ASL MRI may also have contributed to the low ratio.
A limitation of the present study is the fact that data were collected within 
the framework of a larger trial, which was not primarily designed to test ASL 
against PET. In particular, PET and MRI were not performed on the same 
day, but on average 21 days apart. Furthermore, a test-retest design was not 
included, prohibiting differentiation of variability per modality. In addition, no 
intervention (e.g. hypercapnia) was performed, thereby limiting the range of 
CBF values. Both methods showed a similar CoV of 15% for whole brain CBF in 
the pooled data set. This suggests that for a cross-sectional study the sensitivity 
of finding regional differences would be similar, assuming that the actual effect 
size is identical for both methods. The latter assumption needs to be assessed 
in further studies using an intervention design. In future studies PET and MRI 
measurements should be performed on the same day as closely together as 
possible, or even simultaneously (using a hybrid PET MRI scanner), especially 
when diabetic patients are involved, as glucose levels can change within minutes 
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and thereby affect CBF. It should be noted that the present data were obtained 
in two (homogeneous) groups of male subjects, in contrast to most other studies 
where subjects of both gender have been included. CBF and metabolism in 
women are different (36-38) and dependent on menstrual cycle (e.g.(39)), which 
would make cycle matching necessary. Although likely, it has to be confirmed that 
the present findings can be generalized to women. 
In conclusion, using a commercially available implementation, PCASL MRI 
provides CBF values that correlate with [15O]H2O PET derived CBF values in 
healthy subjects and in patients with diabetes type 1, but significant differences 
between both methods also exist. PCASL may be an attractive alternative when 
absolute quantification is not required.
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