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Abstract: The neural substrate underlying cognitive impairments after chemotherapy is largely
unknown. Here, we investigated very late (>9 years) effects of adjuvant high-dose chemotherapy on
brain white and gray matter in primary breast cancer survivors (n = 17) with multimodal magnetic
resonance imaging (MRI). A group of breast cancer survivors who did not receive chemotherapy was
scanned for comparison (1 = 15). Neuropsychological tests demonstrated cognitive impairments in the
chemotherapy group. Diffusion tensor imaging (DTI) with tract-based spatial statistics showed that
chemotherapy was associated with focal changes in DTI values indicative for reduced white matter in-
tegrity. Single voxel proton MR spectroscopy (1H-MRS) in the left centrum semiovale (white matter)
showed a reduction of N-acetylasparate/creatine indicative of axonal injury. Voxel-based morphometry
demonstrated a reduction of gray matter volume that overlapped with fMRI hypoactivation (as
reported in a previous publication) in posterior parietal areas and colocalized with DTI abnormalities.
Also, DTT correlated with 1H-MRS only in the chemotherapy group. These results converge to suggest
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that high-dose adjuvant chemotherapy for breast cancer is associated with long-term injury to white mat-
ter, presumably reflecting a combination of axonal degeneration and demyelination, and damage to gray
matter with associated functional deficits. Hormonal treatment with tamoxifen may also have contributed
to the observed effects, although results from other studies indicate that it is unlikely that tamoxifen is
solely or largely responsible. Using this multimodality approach we provide for the first time insight into
the neural substrate underlying cognitive impairments following systemic administration of cytotoxic

agents many years after treatment. Hum Brain Mapp 33:2971-2983, 2012.

© 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Adjuvant chemotherapy increases the cure rate in
patients with high-risk primary breast cancer and is nowa-
days administered in as many as 60% of patients below
the age of 70. The term “adjuvant” refers to chemotherapy
given after radical breast cancer surgery to eradicate occult
disease. Breast cancer patients that have been treated with
cytotoxic agents regularly report cognitive problems [van
Dam et al., 1998; Schagen and Vardy, 2007; Shilling and
Jenkins, 2007; Weis et al., 2009]. Cognitive deficits have
been observed in neuropsychological studies even years
after cessation of chemotherapy [Correa and Ahles, 2008;
Wefel et al., 2008].

In general, the blood-brain barrier is believed to prevent
cytotoxic agents from entering the brain. However, some
agents, like 5-fluorouracil and thiotepa, cross the blood-
brain barrier to some extent by diffusion [Sakane et al,,
1999; Strong et al., 1986]. Several preclinical studies have
consistently shown that commonly used cytotoxic agents
(such as methotrexate and cyclophosphamide) adminis-
tered systemically can disrupt cell division in brain
regions critical for memory and learning [Mignone and
Weber, 2006; Seigers et al., 2008, 2009, 2010]. Various che-
motherapeutic agents, like 5-FU and cisplatin, have been
found to damage myelin-forming oligodendrocytes and
their precursor cells in mice [Dietrich et al., 2006, Han
et al, 2008]. Indirect neurotoxic effects may also be
induced, possibly through oxidative stress, vascular dam-
age or immune response dysregulation [Ahles and Saykin,
2007].

In humans, few neuroimaging data are available on the
potential effects of chemotherapy. Functional imaging
studies suggest altered activation patterns in brain areas
involved in cognitive functioning following conventional
regimens [de Ruiter et al., 2011; Kesler et al., 2009; Silver-
man et al., 2007]. In a functional magnetic resonance imag-
ing (fMRI) study from our group, we compared breast
cancer survivors that had received high-dose adjuvant
chemotherapy almost 10 years earlier with survivors for
whom chemotherapy had not been indicated. We found a
profound hyporesponsiveness of the posterior parietal cor-
tex during a memory encoding and an executive function-

ing task, among other brain areas specific for the task at
hand [de Ruiter et al.,, 2011]. Structural imaging studies
using voxel-based morphometry (VBM) have reported vol-
ume reductions of white [Inagaki et al.,, 2007] and gray
[Inagaki et al., 2007; McDonald et al., 2010] matter within
1 year after cessation of standard dosages of chemotherapy
compared to non-chemotherapy receiving cancer patients.
However, recovery over time of these reductions was also
observed.

On a microstructural level, diffusion tensor imaging
(DTI) is particularly sensitive to injury to white matter
fibre tracts by measuring the diffusion of water. DTI ena-
bles the estimation of various parameters, such as frac-
tional anisotropy (FA), a measure of the directionality of
diffusion, and mean diffusivity (MD), which indexes the
average amount of diffusion. Both FA and MD are deter-
mined by axial diffusivity (AD) and radial diffusivity
(RD), reflecting the diffusion of water parallel and perpen-
dicular to white matter tracts, respectively [Pierpaoli and
Basser, 1996; Pierpaoli et al., 1996]. Although the biological
basis of these measures is complex, decreases in AD are
interpreted as axonal injury whereas increases in RD are
linked to myelin injury [Budde et al., 2009; Song et al.,
2002, 2005; Sun et al., 2006, 2008].

One DTI study has reported lower FA in the genu of the
corpus callosum in 10 breast cancer patients that received
chemotherapy (on average less than 2 years earlier) com-
pared to healthy controls [Abraham et al., 2008]. In a
recent study, several DTI parameters in breast cancer
patients who received standard-dose chemotherapy (on
average 4 months earlier, n = 17) with matched healthy
controls (n = 18) were compared with breast cancer
patients that had not received chemotherapy (n = 10)
[Deprez et al., 2011]. A decreased FA in frontal and tem-
poral white matter and increased MD in frontal white mat-
ter was found in patients that received chemotherapy. In
addition, within areas of decreased FA and increased MD,
increases in RD were found, suggesting that changes in
FA and MD values might be due to demyelination.

Some investigators have used proton MR spectroscopy
(IH-MRS) to investigate neurochemical indices of white
matter quality, but failed to find effects of chemotherapy

* 2972 ¢



¢ Late Effects of High-Dose Chemotherapy ¢

on N-acetylaspartate (NAA), a marker of axonal viability
[Brown et al., 1995, 1998; Stemmer et al., 1994]. High-field
MRI, however, was not performed, which may have
obscured relevant changes due to low signal-to-noise ratios.

In summary, fragmented evidence is available with
respect to abnormalities in brain structure and function of
breast cancer survivors that have received chemotherapy.
Previous studies often lacked an adequate comparison
group and were usually performed shortly after chemo-
therapy. In addition, these studies focused only on one
imaging modality and are therefore not informative on the
effect of chemotherapy on different parameters of brain
morphology and function, and their mutual relationships.

In the present study, we used DTI to investigate micro-
structural white matter integrity in the abovementioned
group of breast cancer survivors who had received high-
dose chemotherapy almost 10 years earlier. These patients
were compared with a group of breast cancer survivors
that had not received chemotherapy, thus controlling for
cancer history. We analyzed absolute and relative concen-
trations of NAA and Choline (Cho) in cerebral white mat-
ter, using 1H-MRS in the centrum semiovale. To examine
possible relations with gray matter volume and function,
we measured changes in gray matter volume by perform-
ing VBM and compared these results to our previous fMRI
study in the same group [de Ruiter et al.,, 2011]. Correla-
tion analyses were carried out to investigate whether DTI
and 1H-MRS indices of white matter integrity were
related. Finally, performance on cognitive tests on which
the CT group differed significantly from the no-CT group
was correlated with DTI values. We expected to find evi-
dence of white matter pathology (e.g., axonal degeneration
and/or demyelination) using DTI and 1H-MRS and aimed
to explore its relation with gray matter volume and func-
tion. We further hypothesized that DTI measures would
correlate with 1H-MRS measures providing multimodal
indications of detrimental effects of chemotherapy on
brain white matter. In summary, using this multimodality
imaging approach, we aimed to provide further insight in
the pathophysiology of (long-term) neurotoxic effects of
cytotoxic agents on the living human brain.

MATERIALS AND METHODS
Participants

Participants were disease-free breast cancer survivors
from the Antoni van Leeuwenhoek Hospital/Netherlands
Cancer Institute and the VU University medical center.
The current study was approved by the institutional
review board of both institutes. The chemotherapy (CT)
group consisted of survivors who were high-risk breast
cancer patients with at least four tumour-positive axillary
lymph nodes, but no evidence of distant metastases at the
time of treatment. They had received adjuvant standard
CT consisting of four cycles of FEC (5-fluorouracil, 500
mg/m?, epirubicin, 90 mg/m? cyclophosphamide, 500

mg/m?) followed by one cycle of high-dose CTC (cyclo-
phosphamide, 6 g/m?, thiotepa, 480 mg/m?, carboplatin,
1600 mg/m?), and autologous peripheral blood hematopoi-
etic progenitor-cell transplantation rescue. Patients from
this group were subsequently treated with tamoxifen (40
mg daily) for 3.8 + 1.7 years. The no-CT group consisted
of cancer survivors previously diagnosed with stage I
breast cancer that had not received any systemic therapy,
except for one patient who was treated with tamoxifen for
5 years. All participants had undergone surgery and
locoregional radiation therapy.

Exclusion criteria were: presence of metastatic disease or
relapse, neurological and/or psychiatric symptoms or use
of medication that might lead to deviant test results, alco-
hol and/or drug abuse and contraindications to undergo
MR imaging. Written informed consent was obtained from
all participants according to institutional guidelines.

Nineteen out of 23 eligible cancer survivors constituted
the CT group. One of them turned out to be claustropho-
bic at the experimental session and for another survivor
DTI and MR-S scans were corrupt. Thus, 17 out of 23
(73.9%) eligible cancer survivors constituted the CT group.
Moreover, 15 out of 28 eligible cancer survivors (53.6%)
constituted the no-CT group. Decliners in both groups did
not differ from participants with respect to age, estimated
IQ (based on an earlier assessment) or the presence of cog-
nitive complaints. For more details on subject attrition see
De Ruiter et al., 2011.

Self-Report Measures and Cognitive Tests

Health-related quality of life was assessed with the Eu-
ropean Organization for Research and Treatment of Can-
cer (EORTC) Quality of Life Questionnaire-C30 [Aaronson
et al,, 1993] and anxiety and depressive symptoms were
assessed with the Hopkins Symptoms Checklist-25 [Hes-
bacher et al., 1980]. To assess demographic variables and
the occurrence of cognitive complaints, a 30-min struc-
tured telephone interview was held before including sub-
jects in the study [Schagen et al., 1999]. During the
experimental session, the Dutch Adult Reading Test was
administered to obtain a measure of premorbid IQ
[Schmand et al., 1992]. Also, seven neuropsychological
tests yielding 16 test indices were administered. In addi-
tion, three cognitive paradigms were administered during
fMRI sessions, specifically tapping cognitive functions that
seem to be affected by chemotherapy [Vardy et al., 2008]
(see Supplementary material and de Ruiter et al.,, 2011).
Only tests that yielded significant group differences are
reported here, because they were used for correlation with
DTI parameters.

Experimental Procedure

The experimental procedure lasted ~2.5 h. Neuropsy-
chological tests and questionnaires were completed (1 h
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and 15 min). After a 30-min break, the MRI scanning ses-
sion took place (1 h). Participants lay supine in the scanner
and wore ear pads and a headphone to reduce scanner
noise. The headphone was attached to a microphone, ena-
bling communication with the experimenter in-between
scan acquisitions. The order of scan acquisition was: fluid-
attenuated inversion recovery (FLAIR), T1 weighted scans
(TIW), fMRI (Flanker), DTI, fMRI (ToL), 1H-MRS, fMRI
(paired associates).

Magnetic Resonance Imaging

Imaging data were obtained at the Academic Medical
Center in Amsterdam, using a 3.0 T Intera full-body MRI
scanner (Philips Medical Systems, Best, The Netherlands)
with a phased array SENSE 6-channel receiver head coil.
An axial FLAIR scan (TR/TE/TI = 11,000/100/2600 ms,
FOV 230 x 230 mm, 27 slices, voxel size 0.9 x 1.20 x 5.0
mm, slice gap 0.5 mm) was acquired to score white matter
abnormalities with the visual rating scale of Fazekas
(range 0-3) [Fazekas et al, 1987]. All ratings were per-
formed by a neuroradiologist (L. R.) blind to the clinical
data. A sagittal 3D spoiled gradient echo (T1W, TR/TE =
9/3.53 ms, FOV 232 x 256 mm, 170 slices, voxel size 0.91
x 1.0 x 1.0 mm) was acquired for anatomical reference
and VBM. DTI was acquired along 16 nonlinear and 16 an-
tipodal directions (TR/TE = 4863/94 ms, FOV 230 x 230
mm, 38 slices, voxel size 2.05 x 2.05 x 3.0 mm, diffusion
weighting parameter b: 1000 s/mm?), covering the entire
brain except for the cerebellum in some participants. Eddy
current-induced morphing was corrected by a two-dimen-
sional affine registration of the diffusion-weighted images
to the average of four by images [Mangin et al., 2002]. DTI-
Fit within the FMRIB Diffusion Toolbox (part of FSL
[Smith et al., 2004]) was used to fit a diffusion tensor
model to the data at each voxel. Then, FA, MD, axial diffu-
sivity (AD, A;) and radial diffusivity [RD, (A, + X3)/2]
maps were calculated. Tract-based spatial statistics (TBSS,
also part of FSL [Smith et al., 2006]) was used to perform
voxel-wise comparisons of DTI-parameters on “skeleton-
ized” 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. 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,
AD, and RD values from the same voxels were also
mapped onto the skeleton.

Single voxel 1H-MRS was acquired in the left centrum
semiovale. There are two very pragmatic reasons for this:
it is a region of the brain that contains a lot of white mat-
ter, which facilitates placement of the 1TH-MRS voxel, with-
out contamination by gray matter, or CSF from the

ventricles. It therefore is a region that gives a good signal-
to-noise ratio. We chose the left side of the brain because
it is usually conceived as the part of the brain that is pre-
dominant in cognitive functioning. We used a fully auto-
mated point resolved spectroscopy (PRESS) sequence
including global shimming (mean voxel size = 10.7 ml,
TR/TE = 2000/35-40 ms, NEX = 64). The sum of NAA
and N-acetylaspartylglutamate (NAAG) was used because
it provides more reliable estimates than NAA alone. Simi-
larly, for Cho, the sum of the metabolites glycerophos-
phoryl-choline (GPC) and phosphocholine (PCH) was
used. Spectra were analyzed using LCModel [Provencher,
1993]. Only spectra with a water peak full width at half
maximum (FWHM) of less than 10 Hz and only metabo-
lites with good fitting quality (SD < 15%) were included
in the analysis, i.e., NAA + NAAG, Cr, and Cho. Concen-
trations of NAA +NAAG, Cho, and Cr were estimated
and expressed in institutional units (IU) allowing direct
comparison between spectra acquired on the same system.
In addition, (NAA + NAAG)/Cr and Cho/Cr as provided
by LC Model were obtained. Spectra were not acquired for
one participant of the no-CT group due to time con-
straints. Water peak with FWHM exceeded 10 Hz in one
subject from the CT group (0.107), but was included
because of an acceptable SD < 15% for the metabolites.
Therefore, 17 (CT group) and 14 (no-CT group) subjects
were left for analyses of spectra.

“Optimized” VBM using FSL tools [Smith et al., 2004]
was used to assess local volume differences in gray matter
between groups. The TIW image was first skull-stripped
and segmented into gray matter. Then, a left-right sym-
metric study-specific gray matter template was built from
the gray matter segmentations of 15 no-CT cancer survi-
vors and 15 out of 17 CT survivors (random selection) by
nonlinear registration to the gray matter ICBM-152 tem-
plate. Then, all 32 gray matter images were nonlinearly
normalized onto the study-specific template. A voxel-wise
adjustment of the warped images was applied to compen-
sate for the amount of contraction or enlargement by
dividing each voxel by the Jacobian of the warp field.
Finally, the gray matter volume images were smoothed
with an isotropic Gaussian kernel with a sigma of 3 mm (7
mm FWHM).

fMRI analyses were carried out in SPM5 as described
previously by our group [de Ruiter et al.,, 2011]. In that
study, blood oxygenation level dependent (BOLD) activa-
tion during two cognitive tasks, the paired associates and
the Tower of London (ToL), were measured (the Flanker
test did not elicit reliable task-related activation). During
both tasks, the CT-group showed bilateral hyporesponsive-
ness of the posterior parietal cortex, in particular for the
paired associates task. For illustrative purposes, group dif-
ferences during the paired associated task were overlaid to
allow for comparisons with our current DTI and VBM
analyses. Data from one survivor from the CT group could
not be obtained due to severe visual impairment. There-
fore, 16 (CT group) and 15 (no-CT group) subjects were
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left for fMRI analyses. Task-specific fMRI effects did not
reveal additional effects in the vicinity of VBM or DTI
effects.

Statistical Analysis

Demographic variables, self-reported measures, cogni-
tive performance data, Fazekas ratings, and MR spectra
were analyzed with SPSS 15.0 (SPSS Inc., Chicago, IL). De-
mographic and clinical data were analyzed by two-tailed
independent-samples t-tests and y’-tests. MR spectra were
analyzed with analysis of covariance (ANCOVA), includ-
ing age as a covariate. Performance on the neuropsycho-
logical tests and fMRI paradigms was also analyzed with
ANCOVA, including age and estimated IQ as covariates.
ANCOVAs were run on the 16 raw neuropsychological
test scores separately. For the number of tests in which
participants showed impairments, a repeated measures
ANCOVA with factor Time was incorporated (including a
test interval within 2 years after chemotherapy and a test
interval almost 10 years after chemotherapy or comparable
intervals for the no-CT group). For the fMRI tasks, sepa-
rate analyses were run for performance and RT. For the
Flanker task, a repeated measures ANCOVA was run with
the factor congruency (three levels: congruent, perceptu-
ally incongruent, and incongruent).

Mean whole-brain skeletonized DTI values (FA, MD,
AD, and RD) were extracted to obtain mean DTI values
across the white matter skeleton and tested in SPSS with
age as covariate. In addition, the randomize program within
FSL was used to perform permutation-based nonparamet-
ric inference (5000 permutations) on the DTI data within a
general linear model framework [Nichols and Holmes,
2002] to investigate group differences in specific white
matter regions (voxelwise analysis). Again, group differen-
ces were assessed for FA, MD, AD, and RD using age as a
covariate.

DTI parameters were correlated with 1H-MRS and cog-
nitive performance. All analyses were run separately for
the two groups. MD was used because, in the present
study, it was the most sensitive DTI parameter as indi-
cated by TBSS (most widespread group differences across
the white matter skeleton). For assessing correlations of
DTI with 1H-MRS, first, a region-of-interest (ROI)
approach was used. In addition to MD, AD, and RD were
also used to clarify the pathophysiology of chemotherapy-
induced neurotoxicity as indicated by different imaging
modalities. Mean MD, AD, and RD values for the ske-
letonized white matter that was located within the 1H-
MRS voxel in the centrum semiovale were correlated with
NAA/Cr and NAA in SPSS. In addition, MD values were
correlated with NAA/Cr and NAA in randomize to reveal
specific white matter regions across the white matter skele-
ton that correlated with NAA/Cr and NAA. Subsequently,
mean values across significant clusters were extracted to
calculate correlation coefficients in SPSS. A  similar
approach was followed for correlation of MD with cogni-

TABLE I. Demographic and clinical characteristics
of the study population

CT group  No-CT group
n=17) (n = 15) P value
Age 56.5 £ 5.1 582 £ 58 0.53
Estimated IQ (NART) 99.8 £18.6 100.7 £17.3 0.89
Years since surgery 9.9 £ 0.8 9.2+ 0.5 0.005
Years since chemotherapy 9.5 & 0.8 NA NA
EORTC QLQ-C30
Global quality of life 80.4 +11.8 81.1 £ 16.2 0.89
Fatigue 26.8 & 14.7 23.0 4+ 195 0.53
HSCL-25 anxiety 10.6 + 6.7 13.6 £ 135 0.45
HSCL-25 depression 12.0 £ 8.0 157 £19.2 0.50
Cognitive complaints
Concentration, n (%) 7 (41.2%) 6 (40%) 0.95
Memory, n (%) 10 (58.8%) 3 (20%) 0.03
Thinking, 1 (%) 0 (0%) 1 (6.7%) 0.28
Language, n (%) 3 (17.6%) 6 (40%) 0.16

Values indicate mean + SD unless indicated otherwise.

CT, chemotherapy; NART, Dutch version of the National Adult
Reading Test; EORTC QLQ-C30, European Organization for
Research and Treatment of Cancer health-related Quality-of-Life
Questionnaire: scores range from 0 to 100; HSCL-25, Hopkins
Symptom Checklist-25: scores range from 0 to 100, higher score
indicates higher levels of anxiety and depression; NA, not
applicable.

tive performance: mean MD values across significant clus-
ters (as provided by randomize) were extracted to calculate
correlation coefficients with cognitive performance in SPSS.

For all DTI analyses including correlation analyses, clus-
ter-based thresholding at P < 0.05, fully corrected for mul-
tiple comparisons, was performed by using the null
distribution of the maximum cluster size. Only perform-
ance on cognitive tests in which the CT group differed sig-
nificantly from the no-CT group was correlated with DTI
measures. For calculation of correlation coefficients in
SPSS, significance was set at P < 0.05, uncorrected. The
ICBM-DTI-81 atlas was used for anatomical reference
[Mori et al., 2008]. Randomize was also used for the VBM
analyses, again incorporating age as a covariate and apply-
ing cluster-based thresholding at P < 0.05, corrected for
multiple comparisons.

RESULTS
Patient Characteristics

The CT group and no-CT group did not differ signifi-
cantly with regard to age and estimated IQ. Cancer survi-
vors were assessed on average 9.55 + (.73 years after
surgery. No significant differences were detected between
the CT and the no-CT patients with regard to measures
for quality of life, anxiety, and depression. More breast
cancer survivors who received CT complained of memory
problems than those who did not receive CT (Table I).
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TABLE Il. Cognitive tests indices showing significant
group differences

TABLE Ill. Fazakas ratings of white matter
hyperintensities on FLAIR scans

CT group No-CT group CT group No-CT group
(n=17)* (n = 15) P value (n=17) (n = 15) P value
Mean % 11.6 + 12.7 52+ 45 0.04 Fazekas 0 6 (35.3%) 7 (46.7%) 0.76
impairment on 16 Fazekas 1 9 (52.9%) 6 (40.0%)
neuropsychological Fazekas 2 2 (11.8%) 2 (13.3%)
test indices
Word fluency 16.9 + 3.8 199 + 43 0.03 Values indicate absolute numbers with percentage in parentheses.
professions CT, chemotherapy. )
Tower of London 721+ 146 828 +123 0.04 P value shows result of y"-test.
mean % correct
Tower of London 8.8 £ 3.1 119 £ 3.8 002 effects involving the factor Group were found for accu-
reaction time (s) racy, or for RT. For the ToL, the CT group performed sig-
Flanker test 95.0 £ 2.7 97.0 £ 2.2 0.03

mean % correct

Values indicate mean =+ SD. For details, see Supplementary
Material.

CT, chemotherapy.

*For the Tower of London and the Flanker test, n = 16.

Cognitive Test Performance

Across two time-points (within 2 years after chemother-
apy and almost 10 years after chemotherapy), the CT
group was impaired on a significantly higher percentage
of tests than the no-CT group [F (1, 28) = 9.36, P < 0.05].
No significant change in cognitive impairment occurred
over time. With respect to the 16 raw neuropsychological
test indices, only one significant group difference was
found: the CT group scored worse on the Word fluency
professions test [F (1, 28) = 5.42, P < 0.05]. On 13 out of
the 15 remaining indices, the CT group performed numeri-
cally worse than the no-CT group (data not shown). For
the Flanker test, the CT group committed significantly
more errors than the no-CT group across test conditions,
congruent, perceptually incongruent, and incongruent [F
(1, 27) = 529, P < 0.05]. No other statistically significant

nificantly worse [F (1, 27) = 4.69, P < 0.05] and faster [F
(1, 27) = 5.64, P < 0.05] than the no-CT group (Table II).
No significant group differences were found for the paired
associates test.

White Matter Hyperintensity Ratings

Fazekas ratings of white matter hyperintensities on
FLAIR scans ranged between 0 and 2 for both groups and
did not differ significantly as assessed with a y’-test
(Table III).

DTI

Calculating mean DTI values across the entire white
matter skeleton, the CT group showed a significant
increase in MD and AD, and a borderline significant
increase in RD (P = 0.05, Table IV). Performing voxel-wise
permutation testing on the skeletonized data (TBSS), in
addition, indicated significantly lower focal FA values
(8.6% mean decrease) in the CT compared to the no-CT
group in the left anterior corona radiata, left external cap-
sule, left sagittal stratum (including inferior longitudinal
fasciculus and inferior fronto-occipital fasciculus), and

TABLE IV. DTI parameters for entire white matter skeleton and for significant clusters within white matter
skeleton as provided with tract-based spatial statistics (TBSS) at P < 0.05 corrected

CT group (n = 17) No-CT group (n = 15) mm? Increase/Decrease P value

Entire WM skeleton

Fractional anisotropy 0.451 £+ 0.015 0.456 + 0.012 NA —1.1% 0.18

Mean diffusivity (um/s”) 0.785 + 0.021 0.770 £ 0.018 NA +1.9% 0.02

Axial diffusivity (um/s”) 1.201 & 0.019 1.184 4 0.021 NA +1.4% 0.02

Radial diffusivity (um/s%) 0.577 £ 0.024 0.564 + 0.019 NA +2.3% 0.05
TBSS Significant clusters

Fractional anisotropy 0.539 + 0.027 0.590 + 0.018 2235 —8.6% <0.001

Mean diffusivity (um/s? 0.808 + 0.027 0.753 £ 0.019 8568 +7.3% <0.001

Radial diffusivity (um/s? 0.549 + 0.037 0.491 + 0.019 4442 +11.8% <0.001

Values indicate mean 4 SD. P values correspond to ANCOVA results including extracted DTI parameters with age as covariate.
CT, chemotherapy; Nr, number; WM, white matter; NA, not applicable; TBSS, tract-based spatial statistics mm?® indicates mm® of white

matter skeleton that show significant differences between groups.

* 2976 ¢



¢ Late Effects of High-Dose Chemotherapy ¢

bilateral posterior thalamic radiation (including the optic
radiation). No regions were found with significantly
higher FA values in the CT than in the no-CT group. For
MD, the effects were more widespread than for FA and
significant increases (7.3% mean increase) in the CT com-
pared to the no-CT group were present in the bilateral ret-
rolenticular part of the internal capsule, bilateral posterior
thalamic radiation (including the optic radiation), bilateral
sagittal stratum (including the inferior longitudinal fasci-
culus and inferior fronto-occipital fasciculus), right poste-
rior limb of the internal capsule, bilateral anterior corona

MD

RD

z=-10

z=0

z=15
z=20
z=30

0.007 0.009 0.02

0.05 0.05

0.05

radiata, bilateral superior corona radiata, bilateral superior
longitudinal fasciculus and the body and genu of the corpus
callosum. No significant MD decreases were found in the
CT relative to the no-CT group. Finally, increases in RD
(11.8% on average) in the CT-group compared to the no-CT
group were present in similar regions as the decreases in FA
but were more widespread and located in left anterior co-
rona radiata, left external capsule, left sagittal stratum
(including inferior longitudinal fasciculus and inferior
fronto-occipital fasciculus), left retrolenticular part of the in-
ternal capsule, and bilateral posterior thalamic radiation
(including the optic radiation), left posterior and left supe-
rior corona radiata. No significant RD decreases were found
in the CT relative to the no-CT group (Table IV, Fig. 1). No
significant group differences were found for AD with TBSS.

IH-MRS

No significant differences in absolute concentrations of
NAA, Cho or Cr were found between groups. NAA/Cr,
however, was significantly lower for the CT group than
for the no-CT group. Cho/Cr was similar for both groups
(Table V).

DTI and fMRI

To compare the DTI data with results of our previous
fMRI study, maps reflecting increases in MD and RD in
the CT versus to no-CT group were overlaid on the blood
oxygenation level dependent (BOLD) contrast maps
reflecting relative decreases in activation in the CT versus
the no-CT group during the encoding phase of a paired
associates memory test [de Ruiter et al., 2011]. Increases in
MD and RD in white matter tracts in the posterior tha-
lamic/optic radiation (bilateral for MD and in the right
hemisphere for RD) were located adjacent to areas

Figure 1.

Group differences in DTI values between the chemotherapy (CT)
group and the no-CT group. DTI data were analyzed with tract-
based spatial statistics (TBSS) on “skeletonized” white matter.
Cluster-based thresholding at P < 0.05 was applied, fully corrected
for multiple comparisons. Areas of the white matter skeleton that
show significant group differences are overlaid on a fractional ani-
sotropy (FA) map, derived from the mean of the FA maps of all
participants that have been normalized to standard MNI space.
Significant clusters have been thickened for ease of visualization.
Left panel shows regions where the CT group has a lower FA than
the no-CT group. Middle panel shows regions where the CT
group has a higher mean diffusivity (MD) than the no-CT group.
Right panel shows regions where the CT group has a higher radial
diffusivity (RD) than the no-CT group. See text for description of
affected white matter tracts. Color bars show range of corrected
P values. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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TABLE V. IH-MRS of NAA/Cr and Cho/Cr of left
centrum semiovale in the CT group (n = 17)
and the no-CT group (n = 14)

CT group No-CT group  Increase/

(n=17) (n =14) Decrease P value
NAA 8.79 + 0.62 9.19 + 0.63 —4.4% 0.10
Cr 5.31 +£0.33 5.13 £ 0.42 +3.5% 0.20
Cho 1.83 £ 0.25 1.85 £ 0.21 -1.1% 0.87
NAA/Cr  1.66 +0.13 1.80 £ 0.15 —7.8% 0.01
Cho/Cr 0.35 4+ 0.05 0.36 + 0.06 —2.9% 0.37

Absolute values are expressed in institutional units.

1H-MRS, Proton MR spectroscopy; CT, chemotherapy; NAA, the
sum of N-acetylaspartate + N-acetylaspartylglutamate (NAAG);
Cr, creatine; Cho, choline, the sum of the glycerophosphoryl-chol-
ine and phosphocholine.

showing BOLD hypoactivation in lateral posterior parietal
cortex (Fig. 2).

VBM and fMRI

VBM showed reductions of gray matter volume in the
CT versus the no-CT group in posterior parts of the brain:
left lateral posterior parietal cortex, bilateral precuneus,
left occipital cortex and bilateral cerebellum (predomi-
nantly left hemisphere). No increases of gray matter vol-
ume were found for the CT versus the no-CT group. To
compare VBM data with results of our previous fMRI
study, the VBM map reflecting decreases in gray matter
volume in the CT versus to no-CT group were overlaid on
the BOLD contrast images reflecting relatively decreased

MD

0.009
fMRI
0.0001 0.05
UNCOIT.
RD
0.005 I 0.02
uncorr.
0.05

Group differences for DTI and fMRI. Increases in mean diffusivity
(MD) and radial diffusivity (RD, upper and lower panel, respec-
tively) for the chemotherapy (CT) versus the no-CT group in
white matter tracts (posterior thalamic/optic radiation) are colo-
calized with hypoactivation in bilateral posterior parietal cortex
for the CT compared to the no-CT group during a paired asso-
ciates task [de Ruiter et al, 2011]. All images are overlaid on

Figure 2.

activation in the CT versus the no-CT group during the
encoding phase of a paired associates memory test. The
reduction in gray matter volume as measured with VBM
overlapped with the hypoactive area in left lateral poste-
rior parietal cortex as measured with fMRI. The hypoac-
tive area in right lateral posterior parietal cortex, however,
did not show a volume reduction (Fig. 3).

Correlations of DTI Parameters with
NAA/Cr and NAA

For correlation of DTT with 1H-MRS, first, a region-of-in-
terest (ROI) approach was used. For mean DTI values
within the 1H-MRS voxel, in the CT group significant neg-
ative correlations were found for MD and RD with NAA/
Cr (r = —048 and r = —0.50, respectively). AD did not
correlate significantly with NAA/Cr (r = —0.40). MD, AD,
and RD correlated significantly with absolute NAA (r =
—0.61, r = —0.59, and r = —0.58, respectively) in the CT
group (Fig. 4). In the CT group, TBSS revealed a signifi-
cant negative correlation of MD with NAA/Cr in the left
centrum semiovale and mainly superiorly located white
matter regions: bilateral superior and posterior corona
radiata, bilateral superior longitudinal fasciculus, and left
retrolenticular part of the internal capsule (r = —0.74). No
significant correlations were found for the no-CT group.

Correlations of DTI Parameters with
Cognitive Test Performance

No significant correlations were found of MD with cog-
nitive test indices. However, when lowering the statistic

the MNII52-template. For DTI, cluster-based thresholding at
P < 0.05 was applied, fully corrected for multiple comparisons.
Significant MD and RD clusters have been thickened for ease of
visualization. Color bars show range of uncorrected (fMRI) and
corrected (MD and RD) P values. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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fMRI

0.0001
uncorr.

VBM

0.001

0.005l
uncorr: 0.05
x =-38

y = -66

Figure 3.

Group differences for voxel-based morphometry (VBM) and
fMRI. Decreased regional gray matter volume in the chemother-
apy (CT) group compared with the no-CT group, as assessed
with VBM, overlaps with fMRI hypoactivation during a paired
associates task [de Ruiter et al, 201 1] in left posterior parietal
cortex. Right posterior parietal cortex only shows hypoactiva-

tion but no volume reduction. Also, volume reductions can be
discerned in bilateral cerebellum (stronger in the left than in the
right hemisphere). Color bars show range of corrected (VBM)
and uncorrected (fMRI) P values. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4.

Correlations of DTI values with single voxel proton MR spec-
troscopy (IH-MRS) in the chemotherapy (CT) group. IH-MRS
was performed in the left centrum semiovale (white matter).
A: The approximate location of the voxel is shown in red on
the MNI-152 template (upper panel). Mean diffusivity (MD) val-
ues for skeletonized white matter were correlated with NAA
and NAA/Cr. We also used tract-based spatial statistics (TBSS)
with cluster-based thresholding at P < 0.05, fully corrected for
multiple comparisons. Clusters showing a significant negative
correlation with NAA/Cr are overlaid on the MNI-152 template.

Significant clusters have been thickened for ease of visualization.
Color bar shows range of corrected P values. B: Correlations of
mean DTI values of skeletonised white matter within the IH-
MRS voxel. The scatter plots in the upper panels show correla-
tions of MD, axial diffusivity and radial diffusivity with NAA/Cr.
The scatter plots in the lower panels show correlations of MD,
axial diffusivity and radial diffusivity with NAA (institutional
units). *P < 0.05, *P < 0.01. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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threshold to P < 0.1 corrected, we found a marginally sig-
nificant negative correlation between MD and Flanker test
performance in the CT group in the anterior limb of the
internal capsule, the external capsule and the anterior co-
rona radiata (right hemisphere, Supplementary Fig. 1).

DISCUSSION

This comprehensive study is the first to show that,
almost 10 years after treatment, adjuvant systemic treat-
ment with high-dose chemotherapy given to patients at
risk for recurrence of breast cancer is associated with detri-
mental effects on brain morphology and function as meas-
ured with DTI, 1H-MRS, fMRI, VBM, and neurocognitive
tests. Macroscopically, on visual inspection according to
Fazekas ratings white matter did not differ between the
CT group and the no-CT group. However, on a micro-
scopic level using advanced neuroimaging tools, we
observed the following imaging abnormalities in the CT
group relative to the no-CT group: (1) a mean increase in
MD, AD, and RD across the entire white matter skeleton,
(2) focal decreases in FA and increases in MD and RD
in white matter tracts relevant for cognitive functioning,
(3) a reduction of NAA/Cr in cerebral white matter (left
centrum semiovale). More importantly, DTI increases of
MD and RD in white matter colocalized with a reduction
of gray matter volume and fMRI hypoactivation in
posterior parietal areas. Also, diffusivity values correlated
negatively with NAA and NAA/Cr only in the CT group.
We elaborate on these findings below.

A significant increase of mean MD was observed in the
CT versus no-CT group. Also, AD and RD showed signifi-
cant increases, suggesting that the increase in MD was
driven by increases in both AD and RD. This might also
explain why mean FA was not significantly decreased:
when diffusivity increases both parallel and perpendicular
to white matter tracts, directional diffusivity will not
increase. Animal studies have shown that acute axonal
injury is associated with AD decrease [Song et al., 2003].
Although less consistent than findings on RD, a growing
number of studies in various neurodegenerative diseases
(including aging) points to an increase in AD, which, like
in our study, is usually less pronounced than the increase
in RD [Acosta-Cabronero et al.,, 2010; Della Nave et al.,
2010, 2011; Rosas et al., 2010; Salat et al., 2010; Sullivan
et al.,, 2010]. Increased AD might result from an expansion
of extra-axonal space due to reduced axonal size, which
would allow faster water movement along axons [Rosas
et al., 2010]. If we assume that AD and RD reflect axonal
injury and demyelination, respectively, these findings indi-
cates that high-dose CT is associated with both types of
white matter injury.

In addition to these changes in mean AD and RD across
the white matter skeleton, we observed regional decreases
in FA, and/or increases in MD and RD in a number of white
matter tracts of the CT group using TBSS [for instance, exter-

nal capsule, sagittal stratum (including the inferior longitu-
dinal and inferior fronto-occipital fasciculus), posterior
thalamic radiation, and several subregions of corona radi-
ata]. The majority of these regions have been implicated in
cognitive functioning [Schmahmann et al., 2008].

Our results corroborate the findings of Deprez and co-
workers, who also reported widespread reductions in FA
and increases in MD in breast cancer patients that received
a standard-dose adjuvant regimen (FEC and Paclitaxel) fol-
lowed by tamoxifen. In this study, patients were examined
within 6 months after completion of chemotherapy [Dep-
rez et al., 2011]. Overlap in affected white matter areas
between Deprez’s and our study include the sagittal stra-
tum, superior longitudinal fasciculus, corpus callosum,
and superior corona radiata. Future studies will have to
reveal whether this specific chemotherapeutic regimen is
also associated with long-term effects like we observed in
the present study.

1H-MRS in the left centrum semiovale (covering parts of
the superior and posterior corona radiata and the superior
longitudinal fasciculus) showed a 7.8% decrease in NAA/
Cr of the CT group relative to the no-CT group, in the ab-
sence of changes in Cho. As NAA is localized almost
exclusively in neurons, the reduction in relative NAA in
the centrum semiovale suggests that axonal degeneration
contributed to the observed diffusion abnormalities. The
inverse correlation of NAA with MD, AD, and RD in the
CT group suggests that lower axonal viability is associated
with higher diffusivity of water both parallel and perpen-
dicular to axons. The absence of Cho increases in the CT
group is perhaps not surprising, as it is only found during
active myelin breakdown, and in a disease like multiple
sclerosis typically returns to normal over months [De Ste-
fano et al., 1995]. 1TH-MRS assessments earlier after treat-
ment may be helpful to demonstrate chemotherapy
induced acute demyelination (increase in Cho). Like in
multiple sclerosis, axonal degeneration may be primary or
secondary to demyelination as result of a lack of myelin-
associated trophic factors [Bitsch et al., 2000; Trapp et al.,
1999], almost 10 years after administration of
chemotherapy.

Multimodal MRI imaging also allowed us to compare
detrimental effects of chemotherapy on white and gray
matter. Interestingly, bilateral increases in MD in the pos-
terior thalamic radiation were located adjacent to fMRI
hypoactivations in bilateral posterior parietal cortex that
we reported in a previous study in the same group [de
Ruiter et al., 2011]. These hypoactivations were found dur-
ing a memory encoding test and a visuospatial planning
test. Moreover, a region in left posterior parietal cortex,
overlapping with the fMRI data, showed a reduction in
gray matter volume for the CT relative to the no-CT
group. It therefore appears that in the currently studied
group, high-dose chemotherapy is associated with long-
term detrimental effects particularly on parietal cortex and
adjacent white matter tracts that might (partly) underlie
impaired cognitive functioning in the CT group. Future
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studies are needed to further elucidate the relation of
reductions in white matter quality and adjacent gray mat-
ter volume reductions and aberrant brain activation
patterns.

We found a marginally significant negative correlation
of MD with Flanker test performance in the CT group in
the anterior limb of the internal capsule, the external cap-
sule and the anterior corona radiata, all white matter
regions that are implicated in cognitive functioning
[Schmahmann et al., 2008]. Particularly interesting is the
correlation of MD in the anterior limb of the internal cap-
sule with performance: this region connects to the cingu-
late cortex [Schmahmann et al., 2008], that is considered a
key brain region in monitoring response conflicts as eli-
cited by the Flanker test [van Veen and Carter, 2002].

Our findings are thus indicative for an association
between high-dose chemotherapy and long-term demye-
lination and axonal injury. Preclinical studies have shown
that 5-FU, one of the agents in FEC, acutely damages mye-
lin sheets and myelin precursors in vivo and in vitro [Die-
trich et al., 2006, Han et al, 2008]. Currently, it is
unknown whether some white matter tracts are more vul-
nerable than others to chemotherapy (as suggested by the
TBSS analysis), and which chemotherapeutic regimens are
particularly harmful to the brain. It is particularly worth
mentioning in this respect, that the high-dose CT adminis-
tered to cancer survivors in the present study is a very
intense treatment that is not longer commonly used for the
treatment of breast cancer (although high-dose regimens
are used for the treatment of other cancers). Before high-
dose CT was given, harvesting of progenitor cells took
place to prevent these cells from being destroyed by CT.
After high-dose CT administration, these cells were
returned to the bloodstream (autologous progenitor cell
transplantation).

Some limitations of the present study should be noted.
All participants in the CT-group were treated with tamoxi-
fen for almost four years on average, compared to only
one from the no-CT group. Tamoxifen treatment has been
associated with impaired cognitive function and imaging
abnormalities [Eberling et al., 2004; Schilder et al., 2010a]
and might have contributed to the present findings. How-
ever, when compared to cancer survivors that received
standard-dose chemotherapy and tamoxifen, it was shown
in a previous study by our group that high-dose CT was
still associated with higher rates of cognitive impairment
[Schagen et al., 2006]. Moreover, in the Deprez et al. study
rates of tamoxifen use were similar in the CT and no-CT
group. Therefore, it is not likely that tamoxifen use is
largely or solely responsible for our findings. Another li-
mitation of the present study is its cross-sectional design.
Several investigators have shown impaired cognitive func-
tioning and functional imaging abnormalities before the
start of treatment in breast cancer patients [Ahles et al.,
2008; Cimprich et al., 2010; Schilder et al., 2010b]. As a
consequence, we cannot exclude that our group differences
were pre-existent to some extent. Thus, future studies will

have to address whether standard-dose adjuvant systemic
treatment has a similar detrimental effect on brain struc-
ture and function, which is the contribution of hormonal
treatment, and whether predisposing factors contribute to
brain abnormalities.

CONCLUSION

We present evidence for long-term detrimental effects
on brain white and gray matter likely induced by high-
dose adjuvant chemotherapy, with subsequent impinge-
ment on cognitive function. Using a multimodality imag-
ing approach we provide insight in the pathophysiology
of the neurotoxic effects of cytotoxic agents on the living
human brain.
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