
VU Research Portal

Multimodal MR imaging in breast cancer

Menning, S.

2017

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

Link to publication in VU Research Portal

citation for published version (APA)
Menning, S. (2017). Multimodal MR imaging in breast cancer: Effects of cancer and cancer treatment on brain
and cognition. [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/c52bd603-2a4c-4f91-ae8e-b044bc73e4d1


Chapter 2

Multimodal MRI and cognitive function  in patients 
with breast cancer prior to adjuvant treatment:  
the role of fatigue

NeuroImage: Clinical (2015); 7; 547-554

Sanne Menning
Michiel B. de Ruiter

Dick J. Veltman
Vincent Koppelmans
Clemens Kirschbaum

Willem Boogerd
Liesbeth Reneman
Sanne B. Schagen



18

Chapter 2

ABSTRACT

An increasing body of literature indicates that chemotherapy (ChT) for breast cancer (BC) is 
associated with adverse effects on the brain. Recent research suggests that cognitive and brain 
function in patients with BC may already be compromised before the start of chemotherapy. 
This is the first study combining neuropsychological testing, patient-reported outcomes, and 
multimodal magnetic resonance imaging (MRI) to examine pretreatment cognition and various 
aspects of brain function and structure in a large sample. 

Thirty-two patients with BC scheduled to receive ChT (pre-ChT+), 33 patients with BC not indicated 
to undergo ChT (pre-ChT-), and 38 no-cancer controls (NC) were included. The examination 
consisted of a neuropsychological test battery, self-reported aspects of psychosocial functioning, 
and multimodal MRI. 

Patients with BC reported worse scores on several aspects of quality of life, such as higher levels 
of fatigue and stress. However, cortisol levels were not elevated in the patient groups compared 
to the control group. Overall cognitive performance was lower in the pre-ChT+ and the pre-
ChT- groups compared to NC. Further, patients demonstrated prefrontal hyperactivation with 
increasing task difficulty on a planning task compared to NC, but not during a memory task. 
White matter integrity was lower in both patient groups. No differences in regional brain volume 
and brain metabolites were found. The cognitive and imaging data converged to show that 
symptoms of fatigue were associated with the observed abnormalities; the observed differences 
were no longer significant when fatigue was accounted for. 

This study suggests that cancer-related psychological or biological processes may adversely 
impact cognitive functioning and associated aspects of brain structure and function before the 
start of adjuvant treatment. Our findings stress the importance to further explore the processes 
underlying the expression of fatigue and to study whether it has a contributory role in subsequent 
treatment-related cognitive decline.
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INTRODUCTION

Neuropsychological and magnetic resonance imaging (MRI) studies show the occurrence of 
cognitive decline and brain changes following chemotherapy (ChT) in patients with breast cancer 
(BC)1. Preclinical studies support these findings and have demonstrated increased apoptosis in 
healthy proliferating cells in the central nervous system as well as damage to neural precursor cells2.

Interestingly, several neuropsychological studies have observed lower than expected cognitive 
performance in patients with BC already before the start of adjuvant treatment3,4. A small 
number of MRI studies also explored structural and functional brain differences before exposure 
to systemic treatment. Of two studies assessing regional brain morphology, one found lower 
grey matter (GM) density in patients with BC before adjuvant treatment5. By contrast Deprez et 
al.6 did not find differences in white matter microstructure between patients with BC about to 
undergo chemotherapy (pre-ChT+), patients with BC who do not require chemotherapy (pre-
ChT-), and no-cancer controls (NC) after correcting for depressive symptoms.

More consistent results on pretreatment cognitive and brain differences between patients with 
cancer and controls come from functional MRI (fMRI) studies. These studies found a predominant 
pattern of prefrontal hyperactivation and slightly lower or similar task performance in patients 
with BC versus NCs before the start of adjuvant treatment, suggestive of compensatory 
processes7,8. One study found that higher levels of worry were associated with lower cognitive 
performance and lower brain deactivation in patients with BC9. Three fMRI studies assessing 
various cognitive functions in one sample of pre-ChT+ and NCs showed that group differences in 
BOLD activation were dependent on the specific cognitive test performed and the inclusion of 
several covariates, e.g. cortisol or days since surgery10–12. These studies emphasize the potential 
relevance of psychosocial and biological factors in cognitive and brain function before the start 
of chemotherapy.

In summary, both neuropsychological and imaging studies point to the potential existence of 
pretreatment cognitive and brain dysfunction in patients with BC. Psychological and biological 
mechanisms have been proposed to underlie these impairments including surgical factors and 
anesthesia, fatigue, comorbidities and cancer staging, but as yet no studies determined and 
explained this phenomenon convincingly7,13–15.

The current study set out to build upon previous findings of cognitive problems and changes 
in brain function and structure prior to adjuvant treatment by combining neuropsychological 
testing, MRI, and patient-reported outcomes (PROs). With this set-up, differences in several 
data types can be related to each other and potential underlying psychological factors can be 
identified.
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Premorbid verbal IQ was estimated with use of the Dutch Adult Reading Test (NART)16.  
A comprehensive neuropsychological test battery was used, consisting of 18 test indices, grouped 
into the domains of executive function, attention, visual memory, verbal memory, processing 
speed, and motor speed (Table 2). Assignment into domains was determined based on literature 
and no outcome could be present in more than one domain. 

MATERIALS AND METHODS

Participants

Participants were patients with BC who had undergone mastectomy or lumpectomy and 
age-matched no-cancer controls (NC). Patients were either scheduled to receive adjuvant 
anthracyclin-based chemotherapy (pre-CHT+) or did not require chemotherapy (pre-CHT-). 
Subjects were eligible if they met the following criteria: female, under 70 years of age, sufficient 
command of the Dutch language, no previous malignancies. Patients additionally had to have a 
diagnosis of primary breast cancer, no distant metastases, and no other treatment than surgery 
at the time of baseline assessment. NC’s were recruited through participants, as well as through 
advertisements in the participating hospitals.

The study was approved by the Institutional Review Board of the Netherlands Cancer Institute, 
serving as the central ethical committee for all participating institutes. Written informed consent 
was obtained according to the declaration of Helsinki and following institutional guidelines.  
The experiment was conducted at the Academic Medical Center of the University of Amsterdam 
and the Spinoza Centre for Neuroimaging.

Follow-up data collection at approximately 6 months after completion of chemotherapy, or at 
matched intervals, is ongoing and will be presented elsewhere.

Procedures

Seven questionnaires were administered to assess PROs, such as health-related quality of life (QOL), 
anxiety and depression, mood, stress, cognitive problems, and personality dimensions (Table 1). 

Table	1.	Description	of	patient-reported	outcomes

Questionnaire Domain

European	Organization	for	Research	and	Treatment	of	Cancer	
(EORTC)	Quality	of	Life	Questionnaire-C30	(QLQ-C30)17

Health-related	quality	of	life

Hopkins	Symptom	Checklist-2518 Anxiety	and	depression
Profile	of	Mood	States19 Mood	state
Perceived	Stress	Scale20 Perceived	Stress
Trauma	Screening	Questionnaire21 Previous	traumatic	experiences/	Posttraumatic	Stress	Disorder
Cognitive	Functioning	Scale-	Revised	of	the	Medical	Outcomes	
Study22

Cognitive	Complaints

Ten-Item	Personality	Inventory23 Personality	dimensions
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To objectively assess long-term stress, hair samples were collected and consequently analyzed 
by the department of Biopsychology of the Technische Universität of Dresden. Cortisol levels 
were determined in segments of 2 cm, representing a period of two months. Wash and steroid 
extraction procedures are described elsewhere32. 

MRI data were acquired using a 3.0 Tesla Intera full-body MRI scanner (AMC Medical Center) and 
a 3.0 Tesla Achieva full-body MRI scanner (Spinoza Centre for Neuroimaging) (Philips Medical 
Systems, Best, The Netherlands). A SENSE 8-channel receiver head coil was used at both locations.

An axial fluid attenuated inversion recovery (FLAIR) scan (TR/TE/TI = 11000/100/2600 ms, FOV 
230 × 230 mm, 27 slices, voxel size 0.9 × 1.4 × 5.0 mm, slice gap 0.5 mm) was acquired to score 
white matter abnormalities with the visual rating score of Fazekas (range 0-3)33. All ratings were 
performed by a neuroradiologist (L.R.) blind to the clinical data. A T1 weighted three-dimensional 
magnetization prepared rapid gradient echo (MPRAGE) scan (TR/TE = 6.6 / 3.0 ms, FOV 270 × 
252, 170 slices, voxel size 1.05 ×1.05 × 1.20mm) was made for anatomical reference and voxel-
based morphometry (VBM). Single voxel proton MR spectroscopy (1H-MRS) was acquired in 
the left semioval center (SC) and the left hippocampus (HC) to assess neurochemical properties 
of white and gray matter respectively. The semioval center allows for data acquisition in white 
matter alone and it has been shown to be vulnerable to chemotherapy (de Ruiter et al. 2011).  

Table	2.	Description	of	neuropsychological	tests	and	outcome	measures

Domain Neuropsychological	Test Outcome	Measure	

Executive	Function Controlled	Oral	Word	Association	test24 Number	of	words	beginning	with	specified	letter	
mentioned	within	1	minute

Behavioural	Assessment	of	the	Dysexecutive	
Syndrome-	Zoo	Map	Test25

Profile	score

Trail	Making	Test	part	B26 Completion	time	for	the	task
Attention Eriksen	Flanker	Task27 Reaction	time	congruent	trials

Reaction	time	perceptually	incongruent	trials
Reaction	time	response	incongruent	trials

Visual	Reaction	Time	Test28 Reaction	time	dominant	hand
Reaction	time	nondominant	hand	

Digit	Span	of	the	Wechsler	Adult	Intelligence	Scale	
(WAIS)-III29

Number	of	correct	responses

Visual	memory Visual	Reproduction	Test	of	the	Wechsler	Memory	
Scale-Revised30

Total	score	immediate	recall

Total	score	delayed	recall
Verbal	memory Hopkins	Verbal	Learning	Test-Revised31 Number	correct	responses	immediate	recall

Number	correct	responses	delayed	recall

Number	correct	responses	delayed	recognition

Processing	speed Digit	Symbol-Coding	Test	of	the	WAIS-III29 Number	of	correctly	substituted	digits

Trail	Making	Test	part	A26 Completion	time	for	the	task

Motor	speed Finger	tapping28 Number	of	taps	dominant	hand

Number	of	taps	non-dominant	hand
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The hippocampus has previously been shown to be affected by cancer treatment and is an 
interesting brain structure because of its role in memory. The left side of the brain was chosen 
because of its predominance in cognition. Fully automated point resolved spectroscopy (PRESS) 
including global shimming (voxel size = 6.0 ml for semioval center and 2.56 ml for hippocampus, 
TR/TE = 200/35-40 ms, NSA = 64) was obtained. 

Diffusion Tensor Imaging (DTI) was acquired in 32 directions (TR/TE = 8136/94 ms, FOV 250 × 
250 mm, 64 slices, voxel size 2.23 × 2.23 × 2.00mm, b-value: 1000 s/mm2), covering the entire 
brain. Functional MRI acquisition was based on T2* weighted gradient echo planar imaging (EPI) 
of 38 axial slices (voxel size 2.3 x 2.3 x 2.3 mm, interslice gap 0 mm, matrix size 96 x 96, TR=2.1s, 
TE=25ms). We acquired 230 volumes during the Tower of London (ToL) task, 170 for memory 
encoding, and 125 for memory retrieval.

Artrepair was used to detect and repair artifacts34. All fMRI preprocessing was performed 
using SPM8 (Statistical Parametric Mapping; Wellcome Trust Centre for Neuroimaging, London 
UK). Slicetiming correction was applied to the ToL and Retrieval images. All fMRI images were 
reoriented and realigned to the first volume. Individual T1 scans were segmented based on gray 
matter, white matter, and cerebrospinal fluid. Coregistered EPI and T1 scans were normalized to 
the Montreal Neurologic Institute (MNI) reference brain with use of the segmentation parameters. 
Finally, smoothing was applied using an 8-mm full-width half-maximum Gaussian kernel.

An abbreviated version of the Tower of London (ToL) paradigm by van den Heuvel et al.35 was 
used to assess prefrontal function. During planning, five conditions ranging from one to five 
moves were presented. A starting configuration and a target configuration were displayed.  
Each consisted of three colored beads placed on three vertical rods, which could accommodate 
one, two, and three beads respectively. Subjects were instructed to determine the minimum 
numbers of steps required to get from the starting to the target configuration by mentally moving 
the beads one at a time. In the baseline condition, the number of yellow and blue beads had to 
be counted. The presentation of trials was self-paced with a maximum duration of one minute 
per trial. The task lasted eight minutes. Participants were instructed to focus on accuracy rather 
than on speed. The task was practiced outside the scanner. 

The Paired Associates memory task was based on a task paradigm by Jager et al. and was shown 
to reliably activate the parahippocampal region36. During associative learning, subjects were 
asked to indicate if the person shown in the portrait photo was likely to live in the home interior 
in the simultaneously presented picture. The baseline condition consisted of three arrowheads 
pointing to (“<<<” or “>>>”) indicating a left or right button press respectively. The arrows were 
superimposed on blurred portrait and interior design pictures to match the visual input of the 
associative learning condition. The learning and baseline trials were presented in a block design. 
For the learning condition, six blocks were presented with five trials per block. Stimuli were 
presented for five seconds. The baseline condition consisted of five blocks with five stimuli, which 
were presented three seconds. Directly after the learning part of the task, a recognition test was 
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administered. The baseline trials were the same as in the learning part. For the recognition part, 
all pictures from the learning phase were shown and subjects were asked to indicate whether 
they had seen the same combination of pictures before. Sixty percent of the pairs were the same 
as in the learning phase. The order of the trial types was pseudo-randomized. All stimuli were 
presented for four seconds. 

Statistical analysis

Demographic and clinical variables, PROs, neuropsychological data, MR spectra, and fMRI 
performance data were analyzed with SPSS 20 (IBM, Armonk, NY) by means of ANOVA or  
chi-squared test, as appropriate. Age and IQ were included in neuropsychological and fMRI 
analyses. Age and scanner location were included in analyses of all MRI data. Corrections for 
multiple comparisons were applied and will be specified per data type.

Neuropsychological data were analyzed in line with International Cognition and Cancer Task 
Force (ICCTF) guidelines37. Standardized z-scores for all test indices were calculated based on the 
mean and standard deviation of the NC group. A cut-off for cognitive impairment, based on the 
95th percentile of the NCs, was identified as scores of two standard deviations below the mean 
on at least three test indices38. The difference in proportion of impaired subjects was tested using 
logistic regression. 

In addition, the Mahalanobis Distance (MHD) was calculated as a summary measure of overall 
performance39–43. MHD calculations were based on residual scores, the difference between 
individual scores and the intercept, adjusted for age and IQ. Residuals scores that were greater 
than their respective mean score were assigned a value of zero, so that negative scores could not 
be compensated (Koppelmans et al. 2012). The residual scores of the control group were used to 
calculate a variance-covariance matrix, corresponding to the correlation between tests and the 
variance within the tests in the control group40,41. The variance-covariance matrix was then used 
to extract the unique variance of each variable for each subject for all groups. Log2 transformation 
of the resulting MHD was applied because of skewness of its distribution and between group 
differences were calculated with an ANOVA. By taking into account the correlations between 
tests, MHD corrects for multiple comparisons. Domain scores and patient-reported outcomes 
were corrected for multiple comparisons by lowering the critical p-value to 0.01.

Reaction time (RT) for fMRI tasks was calculated for correct trials. Individual maps of activation 
related to the presented tasks were analyzed using a general linear model. For the ToL, all active 
versus baseline trials as well as a parametric contrast with increasing task load (ToL Load) were 
modeled. Condition four and five were taken together in the TOL Load contrast to ensure enough 
trials for analysis. For the Paired Associates task, encoding trials were contrasted to baseline 
trials, for retrieval, hits were contrasted to baseline.



24

Chapter 2

Main task activation and group interactions were analyzed with one-way ANOVA embedded in 
SPM8. Main task effects are reported at p < 0.001. Group differences for contrasts of interest 
were evaluated with random effects analyses. Whole brain group differences were considered 
statistically significant at a cluster-defining threshold of p < 0.05, corrected for multiple 
comparisons according to the Family Wise Error (FWE) method, masked with the appropriate 
main effect at p < 0.05. Hypothesis-driven region of interest (ROI) analyses are reported at  
p < 0.05 (FWE corrected). For the ToL, an ROI mask containing bilateral dorsolateral prefrontal 
cortex (DLPFC) was constructed by combining Brodmann areas 9 and 4644 and applying a 3D 
dilation mask (one iteration), because the Brodmann atlas areas define a relatively thin 
cortical strip. Based on findings by de Ruiter et al.45, a parietal ROI mask was created based on 
bilateral inferior and superior parietal cortex46. For the paired associates task, in addition to the 
previously mentioned ROIs, an ROI mask was used covering the parahippocampal gyrus (PHG) 
and hippocampus proper46.

Of the proton MR spectroscopy data, only spectra with water peak full width at half maximum 
(FWHM) of less than 10 Hz were included for analysis. MR spectroscopy was analyzed using 
a standard protocol within LCModel47. For the semioval center and the hippocampus proper, 
absolute concentrations of creatine (Cre), choline (Cho), n-acetylaspartate (NAA), glutamate 
(Glu), and myo-inositol (mI) as well as concentrations relative to Cre were analyzed. The sum 
of NAA and N-Acetylaspartylglutamate (NAAG) was used because it provides more reliable 
estimates than NAA alone. Similarly, for Cho and Glu the sum of glycerophosphorylcholine (GPC) 
and phosphocholine (PCH), and glutamate (Glu) and glutamine (Gln) were used respectively.

All T1-weighted magnetization prepared rapid gradient echo (MPRAGE) images were segmented 
into grey matter (GM), white matter (WM), and cerebrospinal fluid (CSF). High dimensional 
warping with DARTEL was used to register images to MNI space. Resulting GM and WM maps 
were modulated to account for volume changes in the warping process. Whole brain group 
differences were considered statistically significant at a cluster-defining threshold of P < 0.05, 
corrected for multiple comparisons according to the Family Wise Error (FWE) method, masked 
with the appropriate main effect at P < 0.05. Hypothesis-driven region of interest (ROI) analyses 
are reported at P < 0.05 (FWE corrected).

DTI preprocessing and tensor fitting was performed within the FMRIB Diffusion Toolbox (FDT) 
(part of FMRIBs Software Library (FSL)48). Eddy current induced morphing in our DTI data was 
corrected by a two-dimensional affine registration of the diffusion-weighted images to the 
average of four b0 images49. DTIFit within the FMRIB Diffusion Toolbox (part of FSL)50 was used 
to fit a diffusion tensor model to the data at each voxel. Then, fractional anisotropy (FA), and 
mean diffusivity (MD) maps were calculated. Tract-based spatial statistics (TBSS, part of FSL)48 
was used to perform voxel-wise comparisons of DTI parameters on “skeletonized” data. TBSS 
allows better alignment of FA images from multiple subjects for subsequent voxelwise analysis, 
and avoids non-arbitrary spatial smoothing. First, FA maps were nonlinearly registered to an FA 
template (FMRIB58_FA) and averaged. This mean FA map was thinned to create an FA skeleton.  
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Each participant’s FA data were then projected onto the mean skeleton by searching 
perpendicularly from the skeleton for maximal FA values and were thresholded at FA > 0.2. Next, 
MD values from the same voxels were also mapped onto the skeleton. In addition, the randomize 
program within FSL was used to perform permutation-based nonparametric inference (5000 
permutations) on the DTI data within a general linear model framework to investigate differences 
in specific white matter regions (voxelwise analysis)51.

Correlation analyses were only performed when significant group differences were found 
or when a strong relation was expected. In line with existing literature, we calculated the 
following correlations. Correlations between various PRO’s were examined. Neuropsychological 
performance (MHD, domain scores) was correlated with PROs. Voxel based analyses for BOLD 
signal, GM volume and FA and MD were performed within SPM8 and FSL to study associations 
with specific PROs and neuropsychological performance. Whole-brain FA and MD values were 
extracted, as well as BOLD signal in significantly different clusters and these were correlated with 
neuropsychological performance and PROs.

Figure 1. Flow diagram: selection of participants into the study. Pre-ChT+, patients with BC before chemotherapy; pre-ChT-, patients 
with BC not scheduled to undergo chemotherapy; NC, no-cancer controls
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RESULTS

Participants

A total of 285 participants were eligible to participate in this study, of which 137 participated in 
the study. Main reasons given for decline were ‘too burdensome’ and ‘hesitant about MRI’. Four 
patients were excluded because of incidental findings on MRI scans, 21 patients were excluded 
because three or more scans of different modalities were missing. The groups were matched on age 
and IQ leaving 32 pre-ChT+, 33 pre-ChT-, and 38 NC subjects for our final analyses (see Figure 1).

All patient characteristics and PROs are presented in Table 3. As expected, no significant 
differences were found between groups on age and premorbid IQ. The patient groups also did 
not differ on time since surgery.

Patient-reported outcomes

One-way ANOVA showed that the three groups differed on physical (F(2,100) = 7.0, p = .001, 
role, F(2,100) = 12.3, p < .001), and social functioning (F(2,100) = 10.1, p < .001), global quality 
of life (F(2,100) = 8.6, p < .001), and pain (F(2,100) = 8.2, p < .001) (as measured with the 
EORTC QLQ-C30). Post hoc analyses demonstrated significantly lower physical, role, and social 
functioning, lower global QOL, and more pain in pre-ChT+ as well as pre-ChT- compared to NC.  
A significant difference in fatigue scores (EORTC QLQ-C30) was found between the groups 
(F(2,100) = 6.2, p = .003) post hoc testing showed more fatigue in pre-ChT- compared to NC  
(p = .001). A similar pattern was seen in fatigue scores on the day of the assessment, measured 
with the POMS, but this did not reach significance. Pre-ChT+ patients reported significantly more 
stress than the control group (F(2,100) = 5.5, p = .006). A trend was seen for patients reporting 
more anxiety and depression (measured with the HSCL) than controls. Both patient groups 
were significantly less active than the control group, as measured with the vigor subscale of the 
POMS (F(2,100) = 7.2, p = .001). The patient groups indicated more mood disturbances on the 
POMS total scores, which did not reach significance. None of the other PROs showed significant 
differences between groups.

Neuropsychological assessment

Log 2 transformed MHD was significantly different between the groups, F(2,100) = 4.0, p = .021, 
indicating worse cognitive performance in pre-ChT+ and pre-ChT- compared to controls (see 
Table 4). However, when fatigue, perceived stress, or anxiety and depression were included in the 
model, this difference was no longer significant. Domain scores and the proportion of cognitively 
impaired subjects were not significantly different between any of the groups (Table 4). 
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Values indicate mean ± SD unless indicated otherwise. Pre-ChT+, patients with BC before chemotherapy; pre-ChT-, patients with 
BC not scheduled to undergo chemotherapy; NC, no-cancer controls; NART, Dutch version of the National Adult Reading Test; alow 
= primary school, middle = secondary school high = university and graduate school; EORTC QLQ-C30, European Organization for 
Research and Treatment of Cancer health-related Quality-of-life Questionnaire: scores range from 0 to 100, higher score indicates 
bbetter functioning, cbetter quality of life, or dmore symptoms; HSCL-25, Hopkins Symptom Checklist-25: scores range from 0 to 
100, higher score indicates higher levels of anxiety and depression; PSS, Perceived Stress Scale: scores range from 10 to 50, higher 
scores indicate higher levels of perce-ived stress; POMS, Profile of Mood States, ehigher scores indicate more problems, flower 
scores indicate more problems. MOS-cog, Cognitive Functioning Scale of the Medical Outcomes Study, lower scores indicate more 
problems. * Indicates a significant difference with NC at p<.01

pre-ChT+	(n=	32) pre-ChT–	(n=	33) NC	(n=38) p

Age	(years) 50.2	(9.2) 52.4	(7.3) 50.1	(8.7)	 0.442
Estimated	IQ	(NART) 100.6	(14.1) 102.8	(14.7) 107.0	(11.1) 0.12
Education	level	(n(%))a

Middle	 4	(13) 5	(15) 1	(3)
High 28	(88) 28	(85) 37	(97)

Time	since	surgery	(days) 36.1	(20.0) 31.5	(15.7) NA 0.308
Breast	cancer	stage	(n(%))
0 13	(39)
1 20	(63) 18	(55)
2 11	(34) 2	(6)
3 1	(3)

n	(%) n	(%) n	(%) n	(%)
Pre-menopausal 19	(59%) 16	(49%) 20	(53%)
Post-menopausal 13	(41%) 17	(51%) 18	(47%) 0.674
Anti-diabetic	medication 0	(0%) 2	(6%) 2	(5%)
Cardiovascular	medication 6	(19%) 8	(24%) 9	(24%)
Psychotropic	medication 5	(15%) 4	(12%) 2	(5%)

EORTC	QLQ-C30

Physical	functioningb 91.7	(11.4)* 88.1	(11.7)* 97.0	(7.1) 0.001
Role	functioningb 66.1	(35.3)* 67.2	(29.0)* 95.2	(19.3) <.001
Social	functioningb 80.2	(23.0)* 79.3	(24.3)* 97.8	(9.6) <.001
Cognitive	functioningb 81.8	(24.1) 80.3	(24.8) 90.4	(14.8) 0.104
Global	quality	of	lifec 75.8	(17.6)* 73.0	(15.6)* 87.1	(12.7) <.001
Paind 25.5	(27.4)* 27.8	(27.5)* 7.0	(13.2) <.001
Fatigued 24.7	(23.4) 34.3	(25.7)* 15.2	(19.4) 0.003

HSCL-25 13.5	(13.7) 11.6	(10.5) 7.7	(9.4) 0.09
PSS 24.3	(6.6)* 21.0	(7.5) 19.2	(5.4) 0.006
POMS
Fatigue	subscalee 2.5	(3.9) 3.0	(4.8) 1.3	(1.5) 0.135
Vigor	subscalef 12.0	(4.0)* 12.3	(3.4)* 14.6	(2.3) 0.001
Total	scorese 17.4	(15.7) 15.4	(11.8) 9.6	(5.2) 0.014

MOS-cog 81.4	(16.4) 74.0	(15.4) 83.4	(11.9) 0.022

Table	3.	Patient	characteristics	and	self-reported	outcomes
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pre-ChT+	(n=	32) pre-ChT–	(n=	33) NC	(n=38) p

MHD 3.92	(1.43) 3.94	(1.51) 3.09	(1.40) 0.021
%	impaired 3	(9.4%) 2	(6.1%) 0	(0%) 0.432

Executive	function -.30	(.95) -.12	(.84) 0	(.60) 0.485
COWAT 40.00	(10.92) 44.70	(11.73) 43.37	(10.29)
BADS	Zoo	test 2.44	(1.29) 2.64	(1.17) 2.45	(1.16)
TMT	B¶ 69.13	(23.85) 70.39	(30.71) 60.18	(15.59)

Attention -.29	(.76) -.10	(.75) 0	(.64) 0.184
Flanker	congruent	trials¶ 569	(48) 567	(52) 558	(42)
Flanker	stimulus	incongruent¶ 578	(45) 575	(49) 567	(44)
Flanker	response	incongruent¶ 595	(46) 594	(53) 586	(46)
VRT	dominant	hand¶ 304	(38) 295	(32) 292	(39)
VRT	non-dominant	hand¶ 333	(62) 310	(45) 309	(43)
Digit	span 13.19	(3.11) 14.00	(3.81) 13.74	(3.24)

Visual	memory -.28	(.68) -.33	(.82) 0	(.89) 0.411
WMS-R	immediate	recall 34.13	(2.32) 34.00	(3.62) 35.61	(3.70)
WMS-R	delayed	recall 31.38	(4.70) 30.97	(4.34) 32.13	(4.98)

Verbal	memory .16	(.85) .02	(.91) 0	(.86) 0.42
HVLT	immediate	recall 28.31	(4.88) 28.15	(4.41) 27.45	(3.67)
HVLT	delayed	recall 10.06	(1.81) 10.00	(1.89) 10.00	(1.77)
HVLT	delayed	recognition 11.81	(0.47) 11.55	(0.75) 11.66	(0.78)

Processing	speed -.34	(1.00) -.24	(.91) 0	(.86) 0.535
TMT	A¶ 33.84	(11.16) 31.64	(9.41) 31.32	(9.18)
Digit	symbol	substitution 71.75	(13.62) 71.01	(13.76) 76.95	(13.08)

Motor	speed -.01	(1.03) -.51	(.74) 0	(.93) 0.077
Tapping	dominant	hand 63.5	(8.2) 59.7	(6.6) 63.4	(7.3)
Tapping	non-dominant	hand 57.6	(7.3) 54.2	(5.2) 57.9	(7.3)

Table	4.	Overall	neuropsychological	test	performance,	standardized	cognitive	domain	scores	and	raw	test	scores

Values indicate mean ± SD unless indicated otherwise. All analyses were adjusted for age and IQ. Pre-ChT+, patients with BC
before chemotherapy; pre-ChT-, patients with BC not scheduled to undergo chemotherapy; NC, no-cancer controls; MHD,
Mahalanobis Distance, higher score indicates worse overall cognitive performance; Domain scores are expressed as z-scores,
neuropsychological	test	scores	are	raw	scores.	¶Higher	scores	indicate	worse	performance.

pre-ChT+ pre-ChT– NC	 p

Tower	of	London n=	32 	n=	33 n=38
Mean	%	correct 89	(10) 88	(7) 90	(8) 0.96
Mean	reaction	time 9.33	(3.04) 9.36	(3.19) 8.41	(2.35) 0.281

Paired	associates	recognition n	=	29 n	=	31 n	=	36
Net	performance .49	(.17) .43	(.23) .50	(.20) 0.515
Mean	reaction	time 2.28	(.24) 2.36	(.23) 2.35	(.26) 0.433

Table	5.	fMRI	task	performance	for	Tower	of	London,	and	Paired	associates	recognition

Values indicate mean ± SD. P-values adjusted for age and IQ. Mean reaction time in seconds. Net performance = %hits – %false
alarms. Pre-ChT+, BC patients before chemotherapy; pre-ChT-, BC patients not scheduled to undergo chemotherapy; NC, no-
cancer	controls.	Encoding	N=	(pre-ChT+:	31,	pre-ChT-:	33;	NC:	38)

Values indicate mean ± SD unless indicated otherwise. All analyses were adjusted for age and IQ. Pre-ChT+, patients with BC before 
chemotherapy; pre-ChT-, patients with BC not scheduled to undergo chemotherapy; NC, no-cancer controls; MHD, Mahalanobis 
Distance, higher score indicates worse overall cognitive performance; Domain scores are expressed as z-scores, neuropsychological 
test scores are raw scores. ¶Higher scores indicate worse performance.

Values indicate mean ± SD. P-values adjusted for age and IQ. Mean reaction time in seconds. Net performance = %hits – %false 
alarms. Pre-ChT+, BC patients before chemotherapy; pre-ChT-, BC patients not scheduled to undergo chemotherapy; NC, no-cancer 
controls. Encoding N= (pre-ChT+: 31, pre-ChT-: 33; NC: 38)
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Task-related fMRI

Tower of London

fMRI data for the ToL could not be analyzed for one NC because of an error in response recording. 
Data for four CT+ participants, one CT-, and one NC participant were excluded due to extensive 
artifacts (see table 5 for sample sizes). 

Performance and mean reaction time on the ToL were not significantly different between the 
three groups (Table 5). 

For both active versus baseline contrast and task load, all groups showed robust activation of 
the dorsolateral prefrontal cortex (DLPFC), premotor cortex, precuneus, posterior parietal cortex 
(PPC), striatum, and cerebellum (see Figure 2 and Table 6). Whole-brain as well as ROI analyses 
showed no significant group differences for the active versus baseline contrast. In the pre-ChT- 
versus the NC group we observed significant hyperactivation of the dorsomedial prefrontal cortex 
extending into the DLPFC with increasing task difficulty (see Figure 3 and Table 7). The pre-ChT+ 
group demonstrated subthreshold hyperactivation at the same location when compared to NC 
(see Figure 3). These differences were no longer significant when fatigue scores were included 
in the model, while other PROs did not elicit the same effect. ROI analysis did not show any 
differences between the groups.

Episodic memory

For memory encoding no fMRI data were available for one CT+ subject. We had to exclude data 
for one CT+, two CT-, and one NC subject because of artifacts. Response recording during memory 
retrieval was corrupt for one CT+ and one NC subject.  For two CT- and two CT+ participants no 
fMRI data for memory retrieval were available. Data for two CT+ subjects had to be excluded 
from analyses because of artifacts. Reaction time during memory encoding and retrieval was 
not significantly different between groups, as was retrieval performance (Table 5). The ventral 
stream (occipital areas and fusiform gyrus) extending into the parahippocampal gyrus and the 
hippocampus proper showed significant activation across groups during encoding (Figure 2 
and Table 6). During retrieval, the ventral and dorsal stream, and parahippocampal gyrus were 
significantly activated. Whole brain and ROI analyses revealed no significant group differences 
during encoding and retrieval.
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Region R/L x y z Cluster	(k) t	value z	value

TOL	Active	vs.	baseline

DLPFC/VLPFC R 42 32 34 33919 14.17 Inf
L -48 28 32 33919 14.19 Inf

Premotor R 28 14 56 33919 20.75 Inf
L -26 6 58 33919 18.35 Inf

Precuneus L -10 -62 54 33919 19.19 Inf	
R 10 -64 52 33919 19.02 Inf

Occipital	lobe/angular	gyrus R 42 -74 36 33919 16.79 Inf
L -34 -78 32 33919 13.73 Inf

PPC R 48 -44 46 33919 13.33 Inf
L -44 -48 40 33919 11.69 Inf

Striatum L -14 12 12 33919 10.33 Inf
R 16 12 12 7.85

Cerebellum L -10 -80 -30 1143 9.07 7.62
R 34 -64 -34 1143 8.97 7.56
L -30 -64 -34 1143 8.42 7.21

TOL	Task	Load

DLPFC R 36 30 36 10418 10.75 Inf
L -28 36 38 10418 7.98 6.92

Premotor R 28 14 60 10418 16.11 Inf
L -28 6 60 10418 15.75 Inf
L -22 14 54 10418 14.42 Inf

(Inferior)	frontal	operculum/insula L -60 4 18 273 4.43 4.2
L -44 14 4 273 4.4 4.18
L -50 10 10 273 4.22 4.02

Precuneus L -14 -60 60 7795 13.19 Inf
R 10 -60 58 7795 12.67 Inf

PPC R 52 -48 46 7795 12.92 Inf
L -52 -52 48 7795 10.96 Inf

Striatum R 16 0 20 373 7.65 6.7
R 18 14 14 373 6.42 5.81
R 16 2 2 373 3.68 3.54
L -16 10 12 556 5.89 5.4
L -16 -2 20 556 5.57 5.15
L -16 -2 -2 556 4.77 4.49

Cerebellum L -34 -60 -34 271 10.12 Inf
L -30 -48 -36 271 4.18 3.98
R 36 -62 -32 363 9.68 Inf

Table	6.	fMRI	coordinates	of	main	task	effects

MNI	coordinates
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Region R/L x y z Cluster	(k) t	value z	value

ToL	Task	Load

Pre-ChT-	>	NC
Dorsomedial	PFC R 32 20 48 274 4.18 3.99

R 22 20 52 274 3.98 3.81
R 22 28 50 274 3.69 3.55

Positive	correlation	fatigue
Dorsomedial	PFC R 36 16 52 41 3.76 3.62

R 32 26 50 41 3.49 3.37

Table	7.	fMRI	coordinates	of	significantly	different	cluster	and	clusters	with	significant	correlations

MNI	coordinates

BOLD activations (MNI coordinates) for the Tower of London (ToL) task load contrast group differences between pre-ChT-,
patients with BC not scheduled to undergo chemotherapy and NC, no-cancer controls. R, right; L, left; PFC, prefrontal cortex.
Group	differences	are	reported	at	cluster-corrected	pfwe	<	0.05,	correlations	are	reported	at	p	<	0.001.

Region R/L x y z Cluster	(k) t	value z	value

Paired	associates	encoding

Fusiform	gyrus L -26 -48 -12 71080 28.1 Inf
R 36 -44 -20 71080 23.88 Inf

Occipital	lobe R 36 -80 -12 71080 24.7 Inf
R 24 -90 -12 71080 24.6 Inf
L -28 -90 -8 71080 23.67 Inf

Paired	associates	retrieval

Precuneus R 16 -54 16 18761 6.44 Inf
Fusiform	gyrus L -28 -40 -12 18761 14.42 Inf
Anterior	cingulate R 2 22 46 1948 12.41 Inf

L -6 16 48 1948 12.28 Inf
VLPFC R 46 28 26 1436 11.64 Inf

L -42 44 4 80 0.06 4.73
Premotor	cortex R 42 12 32 1436 7.54 6.62

R 34 -2 46 1436 4.44 4.21
L -46 6 44 2426 8.49 7.26
L -40 2 34 2426 7.84 6.82

Occipital	Lobe L -16 -58 16 18761 13.91 Inf
Cerebellum R 10 -74 -28 322 9.07 7.62

L -8 -74 -28 322 6.98 6.23

Table	6.	(continued)

BOLD	activations	(MNI	coordinates)	for	the	main	task	effect	in	all	groups.
TOL, tower of Londen; R, right; L, left, DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral prefrontal cortex; PPC,
posterior	parietal	cortex;	Inf,	infinitive.	Main	task	effects	are	reported	for	pFWE	cluster	<.05.

MNI	coordinates

BOLD activations (MNI coordinates) for the main task effect in all groups.
TOL, tower of Londen; R, right; L, left, DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral prefrontal cortex; PPC, posterior 
parietal cortex; Inf, infinitive. Main task effects are reported for pFWE cluster <.05.

BOLD activations (MNI coordinates) for the Tower of London (ToL) task load contrast group differences between pre-ChT-, patients 
with BC not scheduled to undergo chemotherapy and NC, no-cancer controls. R, right; L, left; PFC, prefrontal cortex. Group 
differences are reported at cluster-corrected pfwe < 0.05, correlations are reported at p < 0.001.
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Figure 3. Tower of London - task load contrast. Main task effect and group comparisons with and without fatigue as a covariate 
(differences were considered statistically significant at cluster-corrected pfwe < .05; shown at p < .001, except for non-significant 
difference pre-ChT+ > NC, shown at p < .05; Brighter colors indicate higher T-values); pre-ChT+, patients with BC before 
chemotherapy; pre-ChT-, patients with BC not scheduled to undergo chemotherapy; NC, no-cancer controls.

Figure 2. Main task effects for a) Tower of London and Paired Associates Memory Task b) encoding and c) retrieval (shown at p < .001; 
Brighter colors indicate higher T-values).

Main effect
Active vs Baseline

Main task effect
Memory encoding

Main task effect
Memory retrieval

Main effect
Task Load

ToL Load
Pre-Cht- > NC

ToL Load
Pre-Cht- > NC
Incl. fatigue

ToL Load
Pre-Cht+ > NC
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Structural MRI

Whole brain analyses of regional GM and white matter volume showed no significant differences. 
GM volume of ROIs in the DLPFC and superior parietal cortex was not significantly different 
between groups. Voxel-based analyses showed widespread lower FA and higher MD in both 
patient groups compared to NC controls, indicating lower white matter integrity (Figure 4 and 
Table 8). The differences in FA were no longer significant when fatigue, but not other PROs, was 
added to the model. 

pre-ChT+ pre-ChT– NC	 p

N 30 33 36
Mean	FA .442	(.016) .441	(.015) .449	(.019) 0.155
Mean	MD	(*1000) .732	(.019) .732	(.020) .721	(.024) 0.077

Table	8.	DTI	parameters	for	entire	white	matter	skeleton	as	provided	with	tract-based	spatial	statistics	(TBSS)	at	p	<	0.05	
corrected

Values indicate mean ± SD. Pre-ChT+, BC patients before chemotherapy; pre-ChT-, BC patients not scheduled to undergo
chemotherapy;	NC,	no-cancer	controls;	FA,	fractional	anisotropy;	MD,	mean	diffusivity.

Values indicate mean ± SD. Pre-ChT+, BC patients before chemotherapy; pre-ChT-, BC patients not scheduled to undergo 
chemotherapy; NC, no-cancer controls; FA, fractional anisotropy; MD, mean diffusivity.

Other variables

Cortisol concentrations were not significantly different between groups for the previous two 
months, F(2,92) = 2.2, p = .118, and for the previous two to four months, F(2,88) = 1.7, p = .190 
(Table 9). 

pre-ChT+ pre-ChT– NC	 p

Cortisol	seg1 33.38	(26.17) 23.77	(16.60) 26.96	(13.69) 0.137
Cortisol	seg2 46.32	(84.15) 25.60	(45.09) 34.59	(63.93) 0.421

Table	9.	Hair	cortisol	levels

Cortisol concentrations are indicated as pg/mg. Values indicate mean ± SD. Pre-ChT+, BC patients before chemotherapy; pre-ChT-
, BC patients not scheduled to undergo chemotherapy; NC, no-cancer controls. Seg1 represents the period of the last 2 months
before	the	assessment,	seg2	represents	the	period	of	2	to	4	months	before	the	assessment.

Cortisol concentrations are indicated as pg/mg. Values indicate mean ± SD. Pre-ChT+, BC patients before chemotherapy; pre-ChT-, 
BC patients not scheduled to undergo chemotherapy; NC, no-cancer controls. Seg1 represents the period of the last 2 months 
before the assessment, seg2 represents the period of 2 to 4 months before the assessment.

Absolute concentrations of NAA, Cho, Cr, mI and glutamate in the SC as well as in the hippocampus 
proper were not significantly different between groups (Table 10). We did not find differences 
between groups on concentrations of the metabolites relative to Cr. 

Fazekas ratings for white matter lesions, χ2(4) = 5.36, p = .252, (Table 11) did not show significant 
differences between groups.
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pre-ChT+ pre-ChT– NC	 p

Cr n 28 29 36
4.91(.36) 4.93	(.29) 4.85 0.837

NAA n 28 29 36
8.57	(.69) 8.35	(.58) 8.45	(.68) 0.177

/Cr 1.76	(.18) 1.70	(.16) 1.75	(.17) 0.482
Cho n 28 29 36

1.79	(.20) 1.83	(.16) 1.75	(.17) 0.561
/Cr .37	(.03) .37	(.03) .36	(.04) 0.625

mI n 28 28 36
3.34	(.57) 3.45	(.56) 3.38	(.56) 0.423

Cr .68	(.12) .68	(.10) .70	(.14) 0.605
Glu n 22 27 25

6.34	(.85) 6.25	(1.20) 6.33	(1.33) 0.293
/Cr 1.29	(.13) 1.28	(.22) 1.29	(.24) 0.511

Cr n 27 29 30
5.66	(.97) 5.76	(.82) 5.67	(.97) 0.966

NAA n 27 29 30
6.99	(1.00) 6.73	(.90) 6.99	(.81) 0.252

/Cr 1.27	(.29) 1.19	(.20) 1.25	(.19) 0.383
Cho n 27 29 30

1.98	(.25) 1.91	(.32) 1.94	(.21) 0.504
/Cr .36	(.05) .33	(.05) .35	(.06) 0.355

mI n 21 27 26
5.56	(.90) 5.89	(1.19) 5.95	(.99) 0.485

Cr 1.00	(.18) 1.00	(.18) 1.08	(.20) 0.966
Glu n 27 29 30

15.19	(3.86) 14.44	(6.76) 14.75	(3.08) 0.878
/Cr 2.74	(.89) 2.47	(1.08) 2.61	(.69) 0.793

Table	10.	1H-MRS	of	left	semioval	center	and	left	hippocampus	proper	

Absolute values are indicated in institutional units. Values indicate mean ± SD. P-values adjusted for age and scanner location.
Pre-ChT+, BC patients before chemotherapy; pre-ChT-, BC patients not scheduled to undergo chemotherapy; NC, no-cancer
controls; 1H-MRS, Proton MR spectroscopy; NAA, the sum of N-Acetylaspartate + N-Acetylaspartylglutamate; Cr, creatine; Cho,
choline,	the	sum	of	glycerophosphoryl-choline	+	phosphocholine;	mI,	myo-Inositol;	Glu,	the	sum	of	glutamate	+	glutamine

Semioval	center

Hippocampus	proper

pre-ChT+	(n=	32) pre-ChT–	(n=	33) NC	(n=38) p

Fazekas	0 23	(74.2%) 19	(57.6%) 27	(71.1%) 0.252
Fazekas	1 6	(19.4%) 13	(39.4%) 11	(28.9)
Fazekas	2 2	(6.5%) 1	(3.0) 0	(0%)

Table	11.	Fazekas	ratings	of	white	matter	hyperintensities	on	FLAIR	scans	

Values indicate absolute numbers with percentages in parentheses. Pre-ChT+, BC patients before chemotherapy; pre-ChT-, BC
patients	not	scheduled	to	undergo	chemotherapy;	NC,	no-cancer	controls.	P	value	shows	result	of	χ2-test.

Absolute values are indicated in institutional units. Values indicate mean ± SD. P-values adjusted for age and scanner location.  
Pre-ChT+, BC patients before chemotherapy; pre-ChT-, BC patients not scheduled to undergo chemotherapy; NC, no-cancer 
controls; 1H-MRS, Proton MR spectroscopy; NAA, the sum of N-Acetylaspartate + N-Acetylaspartylglutamate; Cr, creatine; Cho, 
choline, the sum of glycerophosphoryl-choline + phosphocholine; mI, myo-Inositol; Glu, the sum of glutamate + glutamine.

Values indicate absolute numbers with percentages in parentheses. Pre-ChT+, BC patients before chemotherapy; pre-ChT-,  
BC patients not scheduled to undergo chemotherapy; NC, no-cancer controls. P value shows result of χ2-test.
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Figure 4. Group differences in skeletonized FA and MD, with and without fatigue as a covariate (shown at ptfce < .05; green, white 
matter skeleton; red indicates higher statistical significance, yellow indicates lower statistical significance)chemotherapy; pre-ChT-, 
patients with BC not scheduled to undergo chemotherapy; NC, no-cancer controls.

Correlations

Performance on the verbal memory domain was significantly correlated with HSCL depression 
scores (r = -.269, p = .006). Processing speed was significantly correlated with physical functioning 
(r = .290, p = .003), emotional functioning, r = .334, p = .001, global QOL, r = .339, p = .001, and 
fatigue, r = -.292, p = .003, subscales of EORTC QLQ-C30, HSCL anxiety, r = -.293, p = .003, PSS, 
r = -.334, p = .001, mood, r = -.418, p < .001, and cognitive complaints, r = .260, p = .008. MHD 
was significantly correlated with emotional functioning, r = -.295, p = .003, social functioning,  
r = -.293, p = .003, global QOL, r = -.306, p = .002, and fatigue, r = .267, p = .006, subscales of 
EORTC QLQ-C30, mood, r = .261, p = .008, and cognitive complaints, r = -.277, p = .005. 

Figure 5. Significant correlation BOLD signal ToL task load contrast and fatigue over all groups (shown at p < .001; brighter colors 
indicate higher T-values)

Pre-Cht- > NC Pre-Cht+ > NC
Incl. fatigue

Pre-Cht+ > NC Pre-Cht- > NC
Incl. fatigue

FA

MD

Correlation 
ToL Load and fatigue
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Cognitive complaints, as measured with the MOS-cog, were significantly associated with physical 
functioning, r = .395, p < .001, role functioning, r = .421, p < .001, emotional functioning, r = .570, 
p < .001, social functioning, r = .499, p < .001, global QOL, r = .547, p < .001, and fatigue, r = -.523, 
p < .001, subscales of EORTC QLQ-C30, HSCL total score, r = -.366, p < .001, and anxiety subscale, 
r = -.443, p < .001, PSS, r = -.621, p < .001, and mood, r = -480, p < .001.

No significant correlations were found between cortisol levels and self-reported outcomes or 
test performance. A significant correlation between fatigue and ToL task load BOLD activation 
across all groups was found in the dorsomedial prefrontal cortex (see Figure 5 and Table 7). None 
of the other factors was significantly associated with BOLD signal in any of the tasks. Voxel-based 
analyses did not show significant correlations between FA and MD and PROs or MHD.

DISCUSSION

To the best of our knowledge, this is the first study combining different MRI modalities, 
neuropsychological assessment, and PROs to evaluate pretreatment cognitive function and 
potential mediating factors in patients with various disease stages. Our findings show worse 
cognitive performance, prefrontal hyperactivation, and lower white matter integrity in breast 
cancer patients compared to no-cancer controls, and revealed fatigue as an important factor 
contributing to these results. No significant differences in regional brain volume or brain 
metabolites were found. Although sample size of the current study was relatively large, 
insufficient power might still have played a role considering the arguably subtle effects of various 
aspects of cancer and treatment on MRI measures.

In agreement with some earlier reports, lower cognitive performance was observed in patients 
with BC compared to no-cancer controls, but only on a summary measure of cognitive performance 
and not when group means or percentages of impaired participants were compared. This finding 
suggests that small deviations across several tests account for the currently observed lower 
cognitive performance. 

Our fMRI findings of prefrontal hyperactivation in patients with BC versus NC during a task of 
executive function support earlier results and might point to a specific vulnerability of these areas 
to the effects of cancer and its treatment. Brain hyperactivation has been reported to be due to 
compensation for white matter damage52. Indeed, the patients with BC had widespread lower 
brain white matter integrity compared to healthy controls. The finding that patients with cancer 
also differ in their microstructural integrity compared to controls before the start of therapy is 
new. The only other DTI study observed no differences in white matter integrity between patients 
with BC and NCs when controlling for depression score, but whether the groups differed when 
these depression scores were not included was not reported6. 
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Interestingly, pre-ChT- patients were most deviant on PROs, brain activation and white matter 
integrity. As their disease is on average less advanced, these findings make it unlikely that cancer 
staging was driving the differences between the two patient groups. However, two previous 
studies have found an association between disease progression and cognitive function14,15. 
Combining the results of these studies, the role of cancer staging in cognitive dysfunction 
remains uncertain.

A second possible explanation for our finding of pretreatment differences might be the side 
effects of breast surgery or anesthesia. Since both our patient groups had undergone surgery, 
we could not study this relation directly but looked at time since surgery as a surrogate. Unlike 
some previous studies11,12, we did not find a relation between time since surgery and any of the 
outcome measures. A general limitation of our study is the lack of a pre-surgery assessment. Breast 
cancer surgery has previously been found to be associated with lower cognitive performance53.  
These findings indicate that future studies should preferably include a pre-surgery assessment to 
rule out effects of anesthesia or other surgical factors.

A third factor that could be put forward to explain pretreatment differences, are higher levels of 
comorbidity in cancer patients than NC. One report showed that higher rates of comorbidities 
were associated with cognitive impairment15. However, patients in that study were on average 15 
years older than those in the current sample. Also, the levels of comorbidities were considerably 
higher than in our sample, as indicated by low levels of medication use in the current sample.

Finally, our findings might also be influenced by differences in reasons for participation between 
the patient groups. About half of the eligible participants were willing to participate in our study, 
without differences between the patient groups, and no differences were observed with respect 
to relevant demographics. Still, patients facing chemotherapy are clearly in a different stage of 
their overall therapy plan than patients for whom chemotherapy is not required. These differences 
may influence both symptom perception and expression. Patients who have an intense cancer 
treatment ahead might still operate in ‘survival mode’. Patients who do not have the prospect of 
being exposed to chemotherapy might, in contrast, already have moved to another mental state 
where they allow negative emotions associated with the disease to surface. Also, it could be 
that patients not receiving chemotherapy feel that the study is less relevant to them. This could 
lead to a potential bias in the motivation to participate, with more patients already experiencing 
cognitive problems in the pre-CHT- group, without influencing participation rates per se.

As mentioned before, symptoms of fatigue appear to be related to the observed impairments 
in patients with BC compared to NCs. Fatigue levels were markedly higher in cancer patients 
than in controls. Group differences in cognitive function and various MRI measures did not 
survive our stringent statistical thresholding when the analyses were adjusted for fatigue levels. 
Furthermore, fatigue levels were modestly but statistically significantly associated with cognitive 
function and fMRI. 



38

Chapter 2

Higher levels of fatigue in patients with cancer compared to the general population are a common 
finding54. Pro-inflammatory cytokines have been associated with cancer-related fatigue55. 
Moreover, pro-inflammatory cytokines are frequently proposed as a possible mechanism 
underlying cancer-related cognitive dysfunction but clinical studies have not yet shown a clear 
picture regarding cytokines, cognition and/or fatigue and the way in which these factors may 
influence one another56,57. It might be that elevated levels of pro-inflammatory cytokines cause 
fatigue as well as cognitive problems without a direct relation between the two factors. Another 
explanation could be that fatigue leads to changes in cerebral blood flow which in turn leads to 
changes in brain function and structure and consequently has an effect on cognitive function58.

In order to obtain a better insight into the wide era of factors that seem to be relevant for  
pre-treatment cognitive function, assessment of key aspects of health-related quality of life, 
i.e. fatigue and distress, have to be taken into account in neuroimaging and neuropsychological 
studies in patients with cancer.

A major strength of this study is the comprehensive coverage of various outcome measures 
in one report including different MRI modalities, neuropsychological assessment, and patient-
reported outcomes. By combining the data and studying different important factors we present 
a complete assessment of cognitive dysfunction associated with cancer and treatment. Further, 
the current study encompasses data from a relatively large sample of patients with BC. This large 
sample size together with consequent correction for multiple comparisons strengthen the results 
presented here. 

To conclude, our findings show worse cognitive performance, prefrontal hyperactivation, 
and lower white matter integrity in breast cancer patients compared to no-cancer controls. 
These results were related to fatigue. The role of fatigue in our data suggests cancer-related 
psychological or biological processes to negatively influence cognitive functioning and associated 
aspects of brain structure and function. Because even mild cognitive problems can have functional 
consequences59, these findings should be further investigated in specific hypothesis-driven 
studies. Our results show the importance of the use of PRO’s to understand cognitive problems 
BC patients may already experience before treatment. By further studying these problems,  
it might be possible to identify patients at risk of developing cognitive dysfunction and determine 
underlying processes that could be used as a target for interventions.
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