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Abstract: Objective: Chemotherapy (CT) is associated with adverse effects on cognition. Only few studies
have investigated cognition in testicular cancer (TC) patients and studies on very late effects of CT on cog-
nition are absent. Further, brain changes in relation to treatment have not been investigated in TC. The
objective of the present study is to compare psychosocial functioning, cognitive performance and brain
(micro)structure following surgery and CT for TC, against surgery (S)-only. Methods: Twenty-eight CT
(43.1 6 7.5 y) and 23 S-only (48.2 6 9.5y) TC survivors on average 14 yr post-treatment were examined
using questionnaires, neurocognitive tests, and 3T-MRI [Diffusion Kurtosis Imaging (DKI), T1-weighted
and Fluid Attenuated Inversion Recovery]. A multivariate cognitive performance score (Mahalanobis dis-
tance) was calculated to indicate the grade of cognitive performance. Kurtosis parameters, gray matter,
and white matter (WM) volume were calculated from MRI data. Results: Overall, the CT group showed
lower cognitive performance (5.35 6 1.7) compared with the S-only group (4.4 6 0.9; P 50.03; d 5 0.70).
Further, TC patients reported more memory problems after CT. DKI revealed a significantly higher radial
kurtosis after CT in several anterior and posterior brain areas (P< 0.05, corrected), but this was unrelated
to cognitive performance. Conclusions: This cross-sectional study suggests that men receiving CT for TC
are at risk for long-term lower cognitive performance. Although CT affected WM microstructure, this was
unrelated to cognitive performance. More extensive, preferably prospective studies are warranted to con-
firm these results and to provide more insight into the possible mechanisms behind the observed cognitive
sequelae after treatment for TC. Hum Brain Mapp 00:000–000, 2015. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

During the last decades, treatment-related cognitive dys-
function in noncentral nervous system cancers has received
increasing attention. Several studies showed that patients
exhibit cognitive dysfunction after cancer treatment, partic-
ularly when chemotherapy (CT) was incorporated into their
treatment plan [Ahles et al., 2012; Collins et al., 2014; Wefel
and Schagen, 2012; Wefel et al., 2015]. Factors contributing
to variability in cognitive performance after treatment are
not well understood. Studies show that in a subgroup of
patients, these cognitive problems may persist for more
than 10 years post-treatment [Koppelmans et al., 2012;
Stouten-Kemperman et al., 2014; Wefel et al., 2010] and can
be accompanied by changes in brain structure and brain
function [Deprez et al., 2013; Pomykala et al., 2013; de
Ruiter and Schagen, 2013]. Evidence for short and long-
term adverse effects of CT has mainly been found in the
field of breast cancer research. Till now only a few neuro-
psychological studies have investigated cognitive function
in other types of non-CNS cancer for which CT is an
important treatment strategy, such as testicular cancer (TC)
[Pedersen et al., 2009; Schagen et al., 2008; Skaali et al.,
2011a; Wefel et al., 2011, 2014]

It is known that cisplatin, which is the cornerstone of
combination CT in the treatment of TC, may have neuro-
toxic side effects. Although cisplatin is generally believed
to have poor penetration of the blood-brain barrier, studies
have shown adverse effects of cisplatin on healthy cells
through several mechanisms such as oxidative stress, apo-
ptosis and neurogenesis [Dietrich et al., 2006; Fosså et al.,
2009; Rzeski et al., 2004; Seigers et al., 2013; Troy et al.,
2000]. As circulation of platinum in blood plasma has been
demonstrated up to 20 years after administration [Gietema
et al., 2000], direct and/or indirect neurotoxic effects may
negatively affect cognitive functioning even long after
treatment has ended. The other two systemic agents used
in the treatment for TC, etoposide and bleomycin, have
also been linked to neurotoxicity. For instance, bleomycin
is known to induce oxidative stress, and etoposide induces
production of proinflammatory cytokines in animals,
which in turn may have an impact on the brain and on
cognitive functioning [Chen et al., 2007; Wood et al., 2006].

TC is the most common malignancy in young men (15–
35 yr). Fortunately, its treatment is highly effective,
exceeding the 95% 5-year survival rates. Many patients are
able to return to an active working and social life, as is
illustrated by studies showing a similar quality of life and
employment rate compared with the general population
[Dahl et al., 2005; Rossen et al., 2009; Travis et al., 2010].
However, although most patients return to work, some
cancer survivors have to change their occupational role or
level [Berg Gudbergsson et al., 2008; de Boer et al., 2009].
It seems that continuing psychosocial and cognitive prob-
lems are still present in occupationally active cancer survi-
vors [Duijts et al., 2014].

Up until now, there are only a few studies that have
examined the effects of CT on cognition in TC patients. A
prospective study showed that patients who received CT
after orchiectomy had more cognitive decline when com-
pared to a surveillance group who did not receive addi-
tional treatment (0%, 52%, and 67% for the surveillance
group, a low CT exposure, and high CT exposure group
respectively) [Wefel et al., 2014]. A second, cross-sectional
study, investigating cognitive performance 3 years post
treatment, also revealed that significantly more CT treated
TC patients (14.3%) have lower cognitive performance com-
pared to a non-CT group (5.5%) [Schagen et al., 2008].
However, two other studies did not find such differences in
cognitive performance either between TC patients before
CT treatment and at one-year follow-up [Skaali et al.,
2011a], or compared to a non-CT group 2-7 years post-
treatment [Pedersen et al., 2009]. These mixed results most
probably reflect differences in the criteria used to define
lower cognitive performance. All studies used a preset cut-
off score, leading to different results depending on the
threshold that is set. This method is less suitable for meas-
uring a more diffuse pattern of lower cognitive perform-
ance, since subtle deviations will not exceed this threshold.

Taken together, we can conclude that, although TC survi-
vors are generally functioning well, subtle psychosocial prob-
lems and lower cognitive performance may persist until
many years post-treatment. Yet, no study has investigated an
underlying neurobiological substrate for these observations
using MR imaging. Therefore, the present study was under-
taken to investigate the effects of CT on cognitive perform-
ance in detail across multiple functions and its relation to
brain microstructure in TC survivors. Differences in brain
gray matter (GM) and white matter (WM) volume were eval-
uated using voxel-based morphometry (VBM). Macrosopic
WM abnormalities were assessed by visual rating. Further, in
addition to Diffusion Tensor Imaging (DTI), we applied a
novel diffusion-based MRI technique, diffusion kurtosis
imaging (DKI). DKI is known to provide a more accurate esti-
mation of diffusion parameters compared with (DTI) [Veraart
et al., 2011]. DKI estimates the degree of non-Gaussian diffu-
sion, which is thought to reflect microscopic restrictions in
diffusion [Jensen et al., 2005]. Therefore, it can be applied to
reveal more detailed information about tissue microstructure
(e.g., on increased extracellular space). DKI may therefore be
more sensitive than DTI in detecting WM changes after CT.

METHODS

Participants

All TC survivors were recruited at the Netherlands Can-
cer Institute and written informed consent was obtained
from all participants. The study was approved by the
review board of the Netherlands Cancer Institute.

The study population consisted of two groups of patients
with TC (either seminomatoma or nonseminomatoma): one
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group of TC patients who received CT after surgery, and
one group of TC patients who received surgery only
(S-only). All patients were unilaterally orchidectomized and
in the CT group this was followed by 3 or 4 courses of BEP
CT (bleomycin 30 mg; etoposide 100 mg/m2; cisplatin
20 mg/m2). All participants were evaluated in an earlier
neuropsychological study from our group [Schagen et al.,
2008]. In this earlier study, TC patients who received sur-
gery followed by radiotherapy were also cognitively eval-
uated. In this study, these patients were not included
because of their noncomparable tumor types in comparison

with the other two groups. The CT and S-only group are
highly homogenous with regard to tumor-type but repre-
sent extremes with regard to treatment, which makes them
highly suitable for inclusion in this study.

Participants had to fulfill the following inclusion criteria:
previous participation in our neuropsychological study
(longitudinal data on cognitive performance will be pre-
sented elsewhere), no presence of metastatic disease or
relapse, no history of neurological or psychiatric condi-
tions, sufficient command of the Dutch language and eligi-
bility to undergo the MRI scanning session.

The total sample consisted of 28 CT and 23 S-only TC
survivors. See Figure 1 for an overview of patient inclu-
sion. One patient of the CT group and 5 patients of the
S-only group declined MRI assessment. Therefore, MRI
data were available in 27 CT and 18 S-only patients.

Procedure of the Assessment

A comprehensive battery of 12 neurocognitive tests was
used to assess motor and processing speed, executive
function, attention and visual and verbal memory (see
Table I for details on neurocognitive assessment). Patients
were also interviewed about potential cognitive problems
they encountered in daily life (memory, attention, think-
ing, and language) [de Jonghe et al., 1990]. Furthermore,
we assessed health-related quality of life, self-perceived
stress, self-perceived global cognitive problems, trauma,
impact of cancer, cancer stereotype vulnerability, and self-
perceived work ability, using various questionnaires (see
Table II for details).

Figure 1.

Flowchart of participant inclusion. CT: BEP chemotherapy; S:

surgery-only. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

TABLE I. Description of neuropsychological tests and outcome measures

Domain Neurocognitive test Outcome measure

Executive Function Controlled Oral Word Association Test [Benton et al., 1978] Number of words beginning with specified
letter mentioned within 1 min

Word Fluency [Deelman et al., 1981] Number of animals and number of professions
mentioned within 1 min

Trail Making Test card B [Reitan, 1958] Completion time for the task
Tower of London [Culbertson and Zillmer, 1998] Number of moves

Number of correct items
Mental rotation Task [van Hemmen et al., 2014] Number of correct items

Visual memory Visual Reproduction Test of the Wechsler Memory
Scale-Revised [Wechsler, 1987]

Total score immediate recall
Total score delayed recall

Verbal memory Dutch version of the California Verbal Learning
Test [Mulder et al., 1996]

Number correct responses direct recall
Number correct responses delayed recall
Number correct responses delayed recognition

Motor speed Finger-tapping [Alpherts and Aldenkamp, 1994] Number of taps dominant hand
Number of taps nondominant hand

Processing speed Digit Symbol-Coding Test of the WAIS-III [Wechsler, 2000] Number of correctly substituted digits
Trail Making Test card A [Reitan, 1958] Completion time for the task

Attention Eriksen Flanker Task [Eriksen and Eriksen, 1974] Reaction time congruent trials
Reaction time perceptually incongruent trials
Reaction time response incongruent trials

Digit Span of the WAIS-III [Wechsler, 2000] Number of correct items
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After the assessment the MRI scanning session took
place. To assess general physical health, abdominal cir-
cumference was measured and diastolic and systolic blood
pressures were assessed 3 times. The total experimental
procedure lasted �3.5 h per participant.

MR Imaging and Data Processing

Multimodal MRI data were obtained at a 3.0 Tesla
Ingenia MRI scanner (Philips Medical Systems, Best, The
Netherlands) with a dStream SENSE 32-channel receiver

TABLE II. Description of questionnaires

Questionnaire Domain

European Organization for Research and
Treatment of Cancer (EORTC) Quality of
Life Questionnaire-C30 (QLQ-C30)
[Aaronson et al., 1993]

Health-related quality of life

Perceived Stress Scale [Cohen et al., 1983] Perceived Stress
Trauma Screening Questionnaire [Dekkers et al., 2010] Previous traumatic experiences/Posttraumatic Stress Disorder
Cognitive Functioning Scale- Revised of the

Medical Outcomes Study [Stewart and Ware, 1992]
Cognitive Complaints

Impact of Cancer scale version 2 (IOCv2) [Crespi et al., 2008] Long-term impact of disease
Stereotype vulnerability questionnaire [Pinel, 1999] Extent to which patients expect to be stereotyped as a

cancer patient by others
Workability index [Tuomi et al., 1998] Two questions on mental and physical self-perceived

workability

Figure 2.

Illustration of DKI. Diffusion weighted images are acquired with different b values (panel A, con-

trast adjusted) permitting the calculation of various diffusion parameter maps, such as the RK, in

addition to the commonly used FA (panel B).
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head-spine coil. A 3D fluid attenuated inversion recovery
(FLAIR) scan, a magnetization prepared rapid gradient echo
(MPRAGE, TR 5 7000 ms, TE 5 3200 ms, FOV 5 256 3

240 mm, FA 5 98, 180 3 1.0 mm thick sagittal slices, in-plane
resolution of 1 mm2) scan, DKI (also see Fig. 2, TR 5 8950
ms, TE 5 110 ms, FOV 5 240 3 240 mm, scan matrix 96 3

96, in-plane resolution of 2.5 mm2, 55 axial slices of thickness
2.5 mm, no slice gap, b-values 700, 1000, and 2500 s/mm2

along 25, 40, and 75 directions [Poot et al., 2010], 10 acquisi-
tions without diffusion weighting, SENSE factor 2 (AP), half
scan factor 0.784), multivoxel MR spectroscopy (1H-MRS) in
the bilateral semioval center and task and resting state (rs)
fMRI (1H-MRS and fMRI data will be presented elsewhere).

The preprocessing of the diffusion-weighted MRI data
was performed using in-house developed software, writ-
ten in Matlab (The MathWorks, Natick, MA). Head motion
and deformations induced by eddy currents were cor-
rected for by an affine registration of the diffusion-
weighted images (DWIs) to the averaged non-DWI. The
gradient directions were corrected by the rotation compo-
nent of the transformation. Rician noise in the DWIs was
reduced by an adaptive noise filtering method [Caan et al.,
2010]. Diffusion tensors were calculated using a nonlinear
least squares estimation. Subsequently, fractional anisot-
ropy (FA) and mean diffusivity (MD) maps were com-
puted for each subject. The Diffusion Kurtosis Tensor and
derived parameters Mean, Axial, and Radial Kurtosis
(MK/AK/RK) were computed using ExploreDTI software
[Leemans and Jeurissen, 2009]. All subjects’ data were
then aligned into a common space using the nonlinear
registration tool FNIRT [Andersson et al., 2007]. Next, a
subject average FA map was created and skeletonized. The
resulting FA skeleton represents the center of all major
tracts in the population-based template. Each subject’s
aligned FA, MD, RD, and AD map was projected onto the
skeleton and the resulting data was used for tract-based
spatial statistics (TBSS) or averaged into one summary sta-
tistic for each DTI-measure [Smith et al., 2006].

For VBM, all T1-weighted images were brain-extracted
using BET [Smith, 2002]. FAST [Zhang et al., 2001] was
used for tissue-type segmentation of GM to create a study-
specific GM template to which all GM images were nonli-
nearly normalized. All warped images were modulated by
dividing each voxel by the Jacobian of the warp field and
then smoothed with an isotropic Gaussian kernel with a
sigma of 3 mm. Due to scanner hardware problems DKI
data were not available for 1 patient of the CT group.
FLAIR scans were scored by a radiologist to assess WM
abnormalities with the visual rating scale of Fazekas
(range 0–3).

Statistical Analysis

Demographic and health-related variables, patient-
reported outcomes, neurocognitive test scores and Fazekas
ratings were analyzed with various statistical procedures
within IBM SPSS Statistics 20 (IBM, Armonk, NY). We
evaluated cognitive status by calculating a distance score
for each patient: the Mahalanobis (MH) distance, which is
based on means and covariances of the S group. To all
residuals scores that were greater than their respective
mean score from the reference group a value of zero was
assigned. This way negative scores could not be compen-
sated [Koppelmans et al., 2012]. An advantage of the MH
distance is that it is multivariate, taking correlations
between tests into account so that it can capture smaller
cognitive deviations between multiple tests that would be
missed with dichotomized cut-off scores [DeCarlo, 1997;
Koppelmans et al., 2012]. Log2 transformation was applied
and subsequently between group differences were tested
with an independent sample t-test.

The mean of all WM DKI values (FA, MD, MK, RK, and
AK) across the skeleton, and GM and WM as percentage
of intracranial volume were calculated. Group differences
were tested in SPSS with ANCOVA, with age as covariate.
Focal group differences in WM microstructure (DKI) and

Figure 3.

Group differences for RK values analyzed with TBSS (P< 0.05,

corrected for multiple comparisons). Group differences are

overlaid on a FA map. Blue areas indicate clusters where RK val-

ues were significantly higher in CT than S survivors. CT: BEP

chemotherapy; S: surgery-only. MNI coordinates: x 5 106,

y 5 118, and z 5 98. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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GM volume (VBM) were analyzed with voxel-wise t-tests
(corrected at a cluster level threshold P< 0.05) with age
entered as covariate. To do this, the randomize program
within FSL was used to perform permutation-based non-
parametric statistical thresholding (5,000 permutations),
thereby correcting for multiple comparisons [Nichols and
Holmes, 2002].

For correlation analyses we chose to restrict our analyses
to measures that showed significant group differences or
when a strong correlation was expected based on previous
findings. Only significant associations >0.25 were consid-
ered meaningful [Colton, 1974]. Voxel-based correlations
between focal DKI measures and MH distance were calcu-
lated across groups in FSL. Nonvoxel-based correlations
across groups were calculated in SPSS. We correlated neu-
rocognitive test performance (MH distance) with patient
reported outcomes (PROs) and whole brain measures (per-
centage GM/WM, whole-brain DKI measures, Fazekas rat-
ings). Further, we correlated PROs with each other. Alpha
levels for group differences on PROs were set at P 5 0.01,
all other analyses were set at P 5 0.05.

RESULTS

Demographic, Clinical, and Neurocognitive Data

All patient characteristics and patient-related outcomes
are presented in Table III. No significant differences were
found between groups on estimated premorbid IQ and
time since treatment. The CT group was significantly
younger than the S-only group [t(49) 5 22.16, P 5 0.04].
No significant differences were found between groups on
mean scores for any health-related measures. Lower cogni-
tive performance in the CT group was found, illustrated
by a significantly higher MH distance score [t(49) 5 22.30,
P 5 0.03, d 5 0.70). Further, the interview indicated a
higher report of self-perceived memory problems in the
CT group (35.7 vs. 4.3%, v2(2, N 5 51) 5 7.34, P 5 0.007).
No significant differences were found on questionnaires
regarding self-perceived stress, cancer stereotype vulner-
ability, trauma, self-perceived global cognitive problems,
health related quality of life and self-perceived work abil-
ity. 14.8% (n 5 4) of the CT group reported that workplace
adjustments had to be made in their current job to stay in
work. None of the patients reported workplace adjust-
ments in the S-only group (0%). Further, 11.1% (n 5 3)
patients changed jobs, compared to none in the S-only
group. These differences did not reach statistical signifi-
cance. Finally, patients in the CT group scored signifi-
cantly higher on Body Change Concerns of the IOCv2
subscale than the S group (P 5 0.003).

GM and WM Differences

The difference between groups on Fazekas ratings of
WM hyperintensities (all between 0 and 2) was marginally
significant, being higher for the CT group [v2(2,
N 5 45) 5 5.29, P 5 0.07]. No significant between group dif-
ferences were found in global or focal GM nor WM vol-
ume (Table IV). Across the WM skeleton there were no
significant differences between the CT and S group in MD,
FA, MK, and AK values. However, RK was significantly
higher in the CT group compared with the S-only group

TABLE III. Characteristics of study population, patient-

reported outcomes, and cognitive impairment

CT S

(n 5 28) (n 5 23)

Agea 43.1 (7.5) 48.2 (9.5)
Estimated IQ (NART) 95.7 (10.8) 98.4 (12.0)
Years since treatment 14.7 (2.9) 14.0 (2.7)
Systolic blood pressure (mm Hg) 133.0 (13.2) 136.1 (15.9)
Diastolic blood pressure (mm Hg) 83.8 (7.5) 86.4 (12.4)
Abdominal circumference (cm) 96.2 (11.1) 96.8 (10.4)
Weight (kg) 88.0 (12.2) 88.0 (11.4)
MH distance scorea 5.35 (1.7) 4.4 (0.9)
EORTC QLQ-C30
Global quality of life 78.0 (18.9) 79.7 (17.2)
Cognitive functioning 81.5 (21.4) 90.6 (12.1)
Physical functioning 96.9 (5.9) 95.4 (13.4)
Role functioning 91.1 (22.9) 85.5 (29.4)
Social functioning 91.1 (23.3) 90.6 (20.0)
Fatigue 28.0 (26.2) 25.6 (24.9)
PSS 23.0 (5.7) 23.9 (5.7)
MOS 77.9 (15.0) 83.2 (11.6)
Stereotype vulnerability 1.9 (0.6) 1.7 (0.5)
IOCv2
Positive impact domains 3.0 (0.7) 2.8 (0.7)
Altruism and empathy 3.2 (0.8) 2.7 (0.9)
Health awareness 3.1 (0.9) 3.2 (0.9)
Meaning of cancer 2.5 (0.9) 2.4 (0.9)
Positive self-evaluation 3.4 (0.8) 2.7 (0.8)
Negative impact domains 2.0 (0.7) 1.8 (0.5)
Appearance concerns 1.6 (0.8) 1.6 (0.6)
Body change concernsa 2.3 (1.0) 1.8 (0.6)
Life interferences 1.9 (0.8) 1.6 (0.5)
Worry 2.3 (0.9) 2.3 (0.7)
Employment concerns 2.0 (0.9) 2.0 (0.9)
Relationship concerns

(nonpartnered)
2.5 (1.0) 2.5 (1.0)

Relationship concerns
(partnered)

3.0 (0.4) 3.0 (0.4)

Work ability 8.5 (1.6) 8.6 (1.5)
Self-reported memory

problemsa
35.7% 4.3%

Values indicate mean (SD) unless specified otherwise.
aP< 0.05.
CT: BEP chemotherapy; S: surgery-only. EORTC QLQ-C30, Euro-
pean Organization for Research and Treatment of Cancer health-
related Quality-of-Life Questionnaire (a higher score indicates bet-
ter functioning, except for fatigue), range:0–100); IOCv2: Impact of
Cancer Scale version 2, range:1–5; PSS: Perceived Stress Scale,
range:10–50; MOS: Cognitive Functioning Scale-Revised of the
Medical Outcomes Study (a higher score indicates less cognitive
complaints), range:0–100.
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(F1,43 5 4.36, P 5 0.043). Further, regional analyses with
TBSS revealed that significantly higher RK values in the CT
group were present in widespread areas of the brain: the
body, splenium and genu of the corpus callosum, bilateral
internal capsula, bilateral superior longitudinal fasciculus,
and bilateral corona radiata (Fig. 3). No other significant
voxel-based differences in DKI parameters were found.

Correlational Analyses of Patient Report

Outcomes (PROs)

To investigate the relation between different outcome
measures, correlational analyses were performed. Correla-
tional analyses of PROs across all subjects showed that a
higher work ability score was related to lower cancer ster-
eotype vulnerability (r 5 20.324, P 5 0.023), and to lower
fatigue scores of the EORTC QLQ-C30 (r 5 20.389,
P 5 0.006). Further, higher work ability was related to bet-
ter physical functioning (r 5 0.594, P 5 0.000), role func-
tioning (r 5 0.365, P 5 0.010) and social functioning
(r 5 0.411, P 5 0.003) as shown by the subscales of the
EORTC QLQ-C30, and it also was related to a higher
global quality of life (r 5 0.317, P 5 0.026).

Having less cognitive complaints, as measured with the
MOS, was significantly related to better social functioning
(r 5 0.416, P 5 0.003), global quality of life (r 5 0.559,
P 5 0.000), and less fatigue (r 5 20.519, P 5 0.000), lower
self-perceived stress (r 5 20.509, P 5 0.003), and to lower
IOCv2 subscales Health Awareness (r 5 20.346, P 5 0.014),
Body Change Concerns (r 5 20.522, P 5 0.000), Life Inter-
ferences (r 5 20.492, P 5 0.000), Worry (r 5 20.492,
P 5 0.000), and Negative impact (r 5 20.567, P 5 0.000).

Correlational Analyses of Cognition

and Brain Measures

No significant associations were found between MH
Distance score and PROs and any of the neurobiological
outcome measures obtained in this study.

DISCUSSION

To the best of our knowledge, this is the first study
investigating cognitive function and brain structure in TC
survivors long after cisplatin-based CT. As neurocognitive
testing indicated, TC survivors treated with CT exhibit
overall lower performance than S-only treated TC survi-
vors with a moderate effect size. Further, a higher percent-
age of memory complaints was reported in the CT group.
In addition, our neuroimaging data suggest that CT affects
WM microstructure, but not GM (volume).

Our observation of self-perceived memory problems in
TC patients after CT are in line with previous studies
[Fossa, 2003; Schagen et al., 2008; Skaali et al., 2011b]. On a
psychosocial level the two groups were highly comparable
except for the significantly higher Body Change Concern
subscale in the CT group. Although not significant, notable
are the higher reports of workplace adjustments and
employer changes that were necessary to stay in work in
the CT group. Patient reported outcomes were not related
to our neurocognitive measures, but were highly related to
each other. The PROs are more likely to reflect psychoso-
cial wellbeing regardless of neurocognitive performance,
which is consistent with other studies [Biglia et al., 2012;
Schagen et al., 2008; Skaali et al., 2011b].

We observed lower cognitive performance in TC survi-
vors after CT diffusely spread over multiple neurocogni-
tive tests without clear deviations on a specific test or
domain. We found indications for effects of CT on WM,
demonstrated by a marginally significantly higher Fazekas
score and a significantly higher RK in the CT versus the S
group across large WM areas in the brain. The higher RK
score in the CT group is not straightforward to interpret.
Generally, a higher diffusion kurtosis means that the diffu-
sion deviates more from a Gaussian distribution. This is
indicative of a more restricted diffusion environment,
caused by cellular membranes and myelin sheaths that
create a heterogeneous diffusion pattern [Steven et al.,
2014]. Accordingly, studies have found that kurtosis
parameters decrease with age, probably due to WM
degeneration [Coutu et al., 2014; Gong et al., 2014], which
was the case for our kurtosis parameters as well (results
not shown). Although the CT group was on average 5
years younger than the S group, the higher RK in the CT
group was not simply due to lower age as we adjusted for
age in our analyses.

However, higher kurtosis parameters have not only
been associated with higher levels of WM integrity, but
have also been found after experimentally inducing brain
injury. More specifically, two studies found that inducing
brain injury in rats resulted in elevated DKI levels [Umesh
Rudrapatna et al., 2014; Zhuo et al., 2012]. Immunohisto-
chemistry showed that high DKI levels were linked to
gliosis and glial scarring whereas conventional DTI meas-
ures were less sensitive to this type of injury [Zhuo et al.,
2012]. Although it should be noted that these studies
acquired DKI shortly after inducing stroke, and studies in

TABLE IV. GM and WM measures

CT S

GM volume (%) 40.17 (1.33) 40.04 (1.51)
WM volume (%) 38.10 (1.14) 37.84 (1.31)
MD (lm/s2) 0.686 (0.026) 0.704 (0.036)
FA 0.433 (0.042) 0.420 (0.041)
MK 0.944 (0.059) 0.901 (0.086)
AK 0.697 (0.035) 0.703 (0.614)
RKa 1.158 (0.116) 1.06 (0.133)
Fazekas 0 16 (59.3%) 13 (72.2%)
Fazekas 1 11 (40.7%) 3 (16.7%)
Fazekas 2 0 2 (11.1%)

Values indicate mean (SD) unless specified otherwise.
aP< 0.05.
CT: BEP chemotherapy; S: surgery-only.
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humans have shown long term pseudonormalization of
DKI parameters after stroke [Taoka et al., 2014], glial scar-
ring might be a long-term side effect of BEP CT and may
explain impaired cognitive performance of the CT group
(for a review on the role of glia cells in healthy and dis-
eased aging) [see Rodr�ıguez-Arellano et al., 2015]. Alterna-
tively, higher RK values in the CT group might reflect
WM recovery after initial injury, although this is less likely
in view of the higher level of WM hyperintensities and
lower cognitive performance in the CT versus the S-only
group. To further test these hypotheses, animal studies
will be required to demonstrate the relation between BEP
exposure, glial scarring, WM recovery, and kurtosis meas-
ures derived from diffusion MRI.

In contrast to earlier studies involving breast cancer
patients we did not find negative effects of CT on GM vol-
ume [Pomykala et al., 2013]. It is possible that GM recov-
ered after an initial volume reduction, but we do not have
imaging data available short after CT treatment to test this
hypothesis.

Because of the cross-sectional design of this study, our
ability to draw conclusions about the causality of the rela-
tionship between cancer treatment, cognitive impairment,
and brain dysfunction is limited. Further, the consent rate
in the CT group (74%) was higher than in the S-only
group (47%). Therefore, it is possible that selection bias or
other pre-existing group characteristics are partially
reflected in our findings. Further, no healthy control group
was included in this study. The proportion of individuals
with lower cognitive functioning may have been elevated
in both groups compared to a matched group of healthy
controls. In addition, studies have shown that TC is often
associated with the metabolic syndrome. In turn, metabolic
abnormalities may be in part related to cognitive perform-
ance and brain structure [Panza et al., 2010; Yates et al.,
2012]. Although health-related factors that are known to
be related to metabolic syndrome (blood pressure, BMI,
having diabetes, waist circumference) were not signifi-
cantly different between groups and fell on average in the
normal range, we cannot completely rule out the contribu-
tory role of metabolic factors.

This study adds to previous studies by using comple-
mentary computations of cognitive impairment, thereby
allowing the detection of subtle lower cognitive perform-
ance across multiple functions long after treatment.
Another strength is the use of highly comparable patient
groups regarding tumor type and health-related outcomes.
Lastly, the addition of neurobiological outcomes provides
more insight into the potential substrate of cognitive dys-
function after treatment for TC.

Most TC survivors live an active (working-, and social)
life at the time of diagnosis. To be able to maintain this
lifestyle post-treatment, integrity of cognitive function is
essential. It is important to identify patients who struggle
with cognitive problems and to be able to offer them com-
pensatory interventions and support.

In summary, our findings suggest an association
between cisplatin-based CT and cognitive impairment >10
years post-treatment and provide novel information on the
associated radiological phenomena. The late effects of CT
for TC on WM warrant further investigation. More exten-
sive, preferably prospective studies with larger sample
size are needed to provide more insight in the possible
mechanisms behind cognitive problems after treatment for
TC.
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