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Cancer-related cognitive dysfunction is an important issue for breast cancer survivors. Previous 

research has identified both cross-sectional and longitudinal alterations in brain function related to 

cancer status and treatment. In this study, we prospectively collected functional magnetic 

resonance imaging data in breast cancer cases treated with adjuvant chemotherapy and in controls 

with no cancer history during a working memory task. Data and blood specimens were collected 

immediately prior to the start of treatment (baseline) and following completion of treatment 

(follow-up), and at yoked intervals for controls. In secondary analysis we assessed the levels of 

oxidative DNA damage in peripheral blood lymphocytes of cases and controls using the Comet 

assay. A significant group*time interaction revealed reduced deactivation in the superior frontal 

gyrus in the controls at follow-up, in contrast to cases, who exhibited similar magnitude of 

deactivation at baseline and follow-up. Working memory performance indicated a significant 

improvement in the controls at follow-up, and no change in performance in cases. In secondary 

analyses, oxidative DNA damage levels were elevated in the cases at follow-up compared to 

controls, but no associations were found between the Comet assay variables and functional 

imaging at either time-point or group. In light of previous reports on task induced deactivations, 

our findings reflect continuing effortful processing at follow-up in the breast cancer group, with 

relatively less effortful processing in the control group given the reduced novelty and practice 

effects from the baseline to follow-up.
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INTRODUCTION

Attention and working memory dysfunction is increasingly recognized as one feature of 

cognitive difficulties following breast cancer diagnosis and treatment. Previous work from 

our lab suggests a pattern of working memory and attentional dysfunction that may partly 

explain self-reported memory difficulties (Root, Andreotti, Tsu, Ellmore, & Ahles, 2015; 

Root, Ryan, et al., 2015). These analyses revealed a pattern of inefficient learning of novel 

information that was compensated for by repetition of learning trials, yielding normal 

memory functioning following a delay. Attentional dysfunction is additionally indicated by 

intra-individual variability in breast cancer survivors (Bernstein, Catton, & Tannock, 2014) 

and electroencephalogram studies that report alterations in P300 amplitude (Datta et al., 

2007), a component associated with attention and cognitive load (Kam et al., 2015; 

Kreukels, Hamburger, et al., 2008; Kreukels et al., 2006; Kreukels et al., 2005; Kreukels, 

van Dam, Ridderinkhof, Boogerd, & Schagen, 2008; Schagen, Hamburger, Muller, Boogerd, 

& van Dam, 2001)

Findings of attentional/working memory dysfunction are consistent with structural imaging 

studies in survivors following treatment, as evidenced by alterations in prefrontal structure, 

including in anterior white matter integrity, and in dorsal and medial prefrontal cortex, that 

support efficient attention, working memory and initial encoding of information (Conroy, 

McDonald, Smith, et al., 2013; Deprez et al., 2010; Inagaki et al., 2007; McDonald, Conroy, 

Ahles, West, & Saykin, 2010; McDonald, Conroy, Smith, West, & Saykin, 2013; McDonald 
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& Saykin, 2013). Several other studies demonstrated alterations in prefrontal recruitment in 

survivors performing executive, attention and working memory tasks (Conroy, McDonald, 

Smith, et al., 2013; de Ruiter et al., 2011; Ferguson, McDonald, Saykin, & Ahles, 2007; 

Kesler, Bennett, Mahaffey, & Spiegel, 2009; McDonald, Conroy, Ahles, West, & Saykin, 

2012) as well as alterations in regional cerebral blood flow (Nudelman et al., 2014; 

Silverman et al., 2007). Functional alterations have also been found to overlap with 

structural changes in middle and superior frontal gyri (McDonald et al., 2010, 2012).

We aimed to investigate alterations in task-related activations and deactivations that may be 

altered from pre- to post-treatment. We utilized a variant of the working memory task 

described above (the n-back task) and contrasted functional brain alterations from baseline 

to follow-up between cases and controls. Given previous findings (Conroy, McDonald, 

Ahles, West, & Saykin, 2013), along with assessment of task positive regions (middle frontal 

gyrus), we also focused on task-negative regions which consisted of rostral prefrontal, 

precuneus, and posterior cingulate cortex. Task-induced deactivation (TID) in these regions 

has been interpreted as reflecting a shift in resource allocation from internal, ongoing 

cognitive processing to externally directed stimulus processing (Fox et al., 2005). Relative 

task difficulty has been previously suggested and studied as a potential contributor to the 

magnitude of task-positive activation and task-negative deactivation (Shulman et al., 1997). 

McKiernan, Kaufman, Kucera-Thompson, and Binder (2003) parametrically manipulated 

task difficulty to assess the relationship of relative levels of effort with magnitude of 

deactivation, and found that increasing task difficulty led to greater deactivation of regions 

that support internally directed processing. Of specific interest to the current study, Zou, Gu, 

Wang, Gao, and Yang (2011) found a relationship of increasing deactivation with 

manipulation of working memory loads. We hypothesized that the chemotherapy exposed 

group would exhibit hypoactivation in dorsolateral prefrontal cortex and persistent or 

increased deactivation in task-negative regions following treatment. As a secondary 

objective, building on prior reports finding higher levels of oxidative DNA damage 

following cancer treatment (Conroy, McDonald, Smith, et al., 2013; Scuric et al., 2017; 

Tomasello et al., 2017), we tested the hypothesis that higher levels of oxidative DNA 

damage measured in peripheral lymphocytes would be associated with functional 

recruitment in the chemotherapy-exposed group.

METHODS

Design.—This was a longitudinal design contrasting breast cancer patients (cases) and 

individuals with no history of cancer (controls) at two time-points: for cases, after surgical 

resection and prior to initiation of adjuvant therapy (baseline) and following chemotherapy 

treatment (follow-up), and for controls, baseline and follow-up assessments at yoked 

intervals.

Study Subjects.—Cases were recruited at Memorial Sloan Kettering Cancer Center 

(MSK) and controls through local advertising. All participants signed written informed 

consent to participate in this research study approved by the MSK Institutional Review 

Board. Cases were eligible if they had a diagnosis of breast cancer, were post-resection, and 
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were scheduled to undergo adjuvant treatment. Potential participants were excluded if they 

had been diagnosed with any central nervous system disease, or had a history of 

neurological or psychiatric disorders. Controls were matched with patients on age and 

education.

In all, a total of 23 and 18 subjects were recruited for the case and control groups, 

respectively. Of these, ten cases were excluded due to: lost to follow-up (n=3), excessive 

movement (n=2), scanner malfunction (n=3), and contraindication to MRI (n=2). Four 

controls were excluded due to lost to follow-up (n=3), and claustrophobia (n=1). After these 

exclusions, the analysis included 13 breast cancer cases and 14 controls.

fMRI Activation Paradigm.—The functional activation paradigm consisted of a working 

memory n-back task used previously (McDonald et al., 2012). Subjects were presented a 

series of single letters in four blocks representing four conditions repeated three times for a 

total of 12 blocks (three blocks of each condition) in pseudo-random order. Subjects were to 

press their index finger for all non-matches, and their thumb for all matches. For each 

condition, a letter was considered a match if it was the same as the one presented three 

letters before (3-back), two letters before (2-back), one letter before (1-back), or matched the 

letter “J” (0-back). The focus for analysis was the 3-back versus fixation contrast. We chose 

this contrast to specifically examine task-induced deactivation more clearly in this limited 

sample by focusing on a condition with high ;task-demand versus fixation, during which no 

task is performed.

Imaging Data Acquisition and Pre-processing.—Image data were acquired with a 

GE Signa 3-Tesla MRI scanner (max gradient strength 40 mT/m, max gradient slew rate 150 

T/m/s; General Electric Company, Waukesha, Wisconsin, USA) with pre-processing 

following previously published methods (Pergolizzi et al., 2019) (supplemental material).

Processing of Imaging Data.—Modified SPM software (including elements from 

spm99 to spm12, Wellcome Department of Imaging Neuroscience) was used for processing 

the data (for details see Pan, Epstein, Silbersweig, & Stern, 2011; Pergolizzi et al., 2019) 

(Supplemental Material).

Biospecimens and Assessment of Endogenous and Oxidative DNA Damage 
Levels.—Blood samples were drawn at baseline and follow-up. Heparinized blood samples 

were light-protected and immediately transported at room temperature to the Molecular 

Epidemiology Laboratory at MSK. Peripheral blood lymphocytes were isolated using 

standard methods and cryopreserved in liquid nitrogen to keep viability until batch-tested 

with the Comet assay (Supplemental Material).

Statistical Analyses:

fMRI: Following preprocessing, statistical analyses were conducted using customized 

fmristat software (Worsley et al., 2002). A two-level voxel-wise linear mixed-effects model 

was utilized to examine the key group, condition, and time contrasts of interest. First, a 

whole-brain voxel-wise multiple linear regression model was employed at the individual 

subject level which comprised the regressors of interest, consisting of stimulus onset times 
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(contrast: 3-back versus fixation; baseline versus follow-up) convolved with a prototypical 

hemodynamic response function, the covariates of no interest (the first-order temporal 

derivative of the regressor of interest, global and physiological fluctuations, realignment 

parameters, scanning period means, and baseline drift up to the third order polynomials) and 

a first order auto-regression model of the residual time series to accommodate temporal 

correlation in consecutive scans. Second, at the group level, a mixed-effects model was used 

(contrast: 3-back versus fixation; baseline versus follow-up), which accounts for intra- and 

inter-subject variability, and allows for population-based inferences to be drawn. Age was 

used as a covariate of no interest in an analysis of covariance setting. The statistical 

inference at the group level was then drawn according to Gaussian random field theory. 

Initial voxel-wise threshold was p < 0.001; all comparisons reported were considered 

significant at family-wise error corrected (FWE) p < 0.05 in whole brain correction with a 

minimum cluster extent of k = 10 voxels (27mm3 per voxel).

fMRI Task Performance: N-back performance accuracy was assessed using a 2 (group: 

Case; Control) X 2 (time: Baseline; Follow-up) X 4 (working memory load: 0-back, 1-back, 

2-back, 3-back) repeated measures ANOVA.

DNA damage.—For each participant (at baseline and follow-up), viable peripheral blood 

lymphocytes were tested with the alkaline Comet Assay to establish (a) endogenous damage 

(untreated) and (b) oxidative damage by treating cells with (b1) endonuclease III (EndoIII) 

to recognize oxidized pyrimidines, and (b2) formamidopyrimidine DNA glycosylase (FpG) 

to recognize 8-OH Guanine and other oxidised purines (details in Supplemental Material). 

The ‘net’ oxidative damage levels were estimated by subtracting pre-existing endogenous 

damage from the total damage obtained post EndoIII and Fpg treatments. Tail Moment 

(TM), Tail Intensity (TI), and the net oxidative DNA damage levels were referred to as 

TMEndoIII-net, TIEndoIII-net; and TMFpg-net, TIFpg-net and are expressed in arbitrary units. 

Values were entered into a 2 (group: Case; Control) X 2 (time: Baseline; Follow-up) 

repeated measures ANOVA. Comparisons were conducted using independent samples t-tests 

contrasting groups at baseline and follow-up, and paired samples t-test to assess change 

within groups from baseline to follow-up. TMFPG-net, TMEndoIII-net, TIFPG-net, 

TIEndoIII-net were entered into a regression model with functional activation maps and 

assessed for associations between magnitude of oxidative damage and functional 

recruitment.

RESULTS

Average time between baseline and follow-up scan sessions was 152 days for cases and 167 

days for controls. Average time between surgery and baseline was 46 days. Average time 

between completion of chemotherapy treatment and follow-up was 39 days. At follow-up, 

one case was on hormonal treatment and two cases had completed radiation therapy (14 and 

32 days from completion to follow-up) due to scheduling conflicts. There were no between 

group differences in age (p = 0.87) or years of education (p = 0.39). Self-reported depression 

as measured by the CES-D was not different between groups at either baseline (p = 0.103) or 

follow-up (p = 0.672). Self-reported state-related anxiety as measured by the STAI-S was 

not different between groups at either baseline (p = 0.194) or follow-up (p = 0.494).
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Functional Imaging Task-Induced Activations and Deactivations (Figure 1; Table 2):

A significant group*time interaction was found in superior medial frontal gyrus (−12 72 18) 

(p=0.04corrected) and a trend in superior frontal gyrus (21 63 24) (p=0.052corrected) (Figure 

1(a)). Within group analysis assessing changes in functional activation from baseline to 

follow-up found significantly decreased deactivation in these regions in controls at follow-

up, driving the group*time interaction, including superior medial frontal gyrus (0 60 6) 

(p=0.003corrected), superior frontal gyrus (18 63 27) (p=0.04corrected), as well as in more 

posterior regions of superior frontal gyrus (−12 27 63) (p=0.009corrected) (Figure 1(c)). A 

significant decrease from baseline to follow-up was exhibited in left cerebellum for cases, 

(−27 −60 −18) (p=0.029corrected) and a trend decrease in right cerebellum for controls (6 −69 

−36) (p=0.076corrected). No significant or trend differences were exhibited between groups at 

either baseline or follow-up. To contextualize the group*time interaction of TID, areas of 

increasing deactivation associated with task difficulty were derived by parametric weighting 

of 0-, 1, 2, and 3-back as regressors on functional maps for controls at baseline (Figure 1(d)) 

to examine regions that exhibit increasing task-induced deactivation with increasing task 

difficulty.

Functional Imaging Task Performance:

N-back performance was analyzable for 12 controls and 11 cases due to missing data. 

Results of the repeated measures ANOVA found significant main effects for time F (1, 21) = 

9.06, p = 0.007, and working memory load F (3, 63) = 43.25, p = <0.001, and significant 

interaction of time*group F(1, 21) = 5.48, p = 0.029. Table 4 presents within-group 

longitudinal differences at each load condition; as can be seen, aggregating n-back 

performance across all working memory load conditions (0, 1, 2, 3-back), controls exhibited 

improved performance t(11) = −3.313, p = 0.008, in contrast to cases t(10) = −0.621, p = 

0.549 from baseline to follow-up. This finding appears to be driven by significant and trend 

improvements in 1-back, 2-back, and 3-back condition performance, while cases exhibited 

improvement in only the 2-back condition. In between-group, cross-sectional analyses, no 

significant differences were found at either baseline or follow-up.

Endogenous and Oxidative DNA Damage Levels (Figure 1f; Table 3):

The Comet assay was informative for 12 controls and 13 cases. Samples were not collected 

for two controls. No significant interaction was exhibited between groups or time-points 

measured as endogenous TM or TI. Significant group*time interactions were found for 

TMEndoIII-net, F (1, 23) = 4.67, p = 0.041, and TIEndoIII-net, F (1, 23) = 4.50, p = 0.045. There 

were no significant differences between groups for TMEndoIII-net or TIEndoIII-net at baseline. 

At follow-up, cases exhibited significantly greater TIEndoIII-net t(23)= −2.29, p = 0.03 and 

greater levels of TMEndoIII-net t(23) = −1.831, p = 0.08) compared to controls that did not 

reach statistical significance. No significant differences were found from baseline to follow-

up for controls for either TMEndoIII-net or TIEndoIII-net, while cases exhibited a significantly 

greater TMEndoIII-net t(12)= −2.28, p = 0.04 and TIEndoIII-net t(12) = −2.81, p = 0.02 from 

baseline to follow-up. No significant interaction, cross-sectional, or within subject findings 

were exhibited for TMFPG-net or TIFPG-net. No significant association was found between 
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Comet assay values and functional imaging activations or deactivations at either time-point 

or group that survived comparison for multiple corrections.

DISCUSSION

The primary finding in this prospective study is persistent task-induced deactivation (TID) in 

task negative prefrontal regions in breast cancer cases from baseline to follow-up, in contrast 

to controls, who exhibited reduced TID and improved working memory performance at 

follow-up. Prefrontal areas of reduced TID in controls at follow-up exhibited significant 

overlap with prefrontal areas of increasing TID in relation to working memory load as can 

be seen in comparisons of Figure 1(a), Figure 1(c) and Figure 1(d). Lack of behavioral 

improvement and persistent TID in cases are interpreted as a failure to benefit from previous 

exposure to the scanner environment and cognitive task, in contrast to controls who 

exhibited both reduced TID and improved performance at follow-up. Contrary to 

hypothesized hypoactivation of dorsolateral prefrontal cortex in cases post-treatment, we 

failed to find this effect, and only found hypothesized persistent TID. This may be due to our 

relatively limited sample size which may limit power to detect hypothesized hypoactivation 

in DLPFC. While theoretical, if persistent TID is reflective of compensatory resource 

allocation, this may be expected to influence recruitment of task-positive regions.

Task difficulty may be manipulated by increasing task demands or following CNS insult. 

Most consistent with our findings, Conroy, McDonald, Ahles, et al. (2013) found increased 

deactivation in task-negative regions in subjects with chemotherapy-induced amenorrhea 

(i.e., post-treatment). This increased deactivation in task-negative regions was interpreted as 

reflective of increased difficulty in performing the same 3-back task following treatment 

relative to baseline, while the other comparison groups exhibited either the same or reduced 

deactivation. TID is increasingly recognized as an important correlate in healthy cognition of 

the efficient engagement in various cognitive processes including working memory 

(Newton, Morgan, Rogers, & Gore, 2011).

These findings are interpreted in light of previous research that indicates that breast cancer 

patients recruit neural resources in a manner that reflects greater experienced task difficulty. 

Neuroimaging studies in healthy populations have manipulated task difficulty by increasing 

cognitive load, i.e., the amount of processing resources required to complete a task. 

Increasing cognitive load during working memory reveals an inverted U-function on brain 

activation – brain regions increase activation until working memory load reaches capacity 

limitations whereupon decreased activation is observed (Callicott et al., 1999). Similarly, the 

same regions that show increased activation during a single task showed decreased activation 

during dual task performance (Fletcher et al., 1995). Chemotherapy-treated breast cancer 

patients have exhibited hyperactivation on functional imaging of cognition, suggested to 

reflect compensation via reserve neural resources (Ferguson et al., 2007; Kesler et al., 2009; 

McDonald et al., 2012; Silverman et al., 2007). Other studies, however, have shown relative 

decreased activations (de Ruiter et al., 2011; Kam et al., 2015; Kesler, Kent, & O’Hara, 

2011). One possible interpretation for these discrepant findings is that treatment taxes 

processing limitations within cognitive domains. Consistent with increased cognitive load, 

patients could require increased activations to adapt to diminished memory-related 
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processing resources until utilizing executive functions exceeds capacity limitations, leading 

to relative activation decreases. Consistent with this notion, prospective examinations from 

before to after chemotherapy treatment showed increased activations with increased load 

over time (Menning et al., 2017), but decreased activation over time when comparing 

multitasking to single task performance (Deprez et al., 2014). This emphasizes the need for 

future work to assess relative processing limitations of chemotherapy treated survivors, such 

as comparing single versus dual cross-domain tasks.

Alkylating chemotherapy agents such as cyclophosphamide --frequently used for treatment 

of breast cancer-- can induce DNA damage (Seigers & Fardell, 2011). This, in turn, has been 

also implicated in brain aging (Badiola et al., 2015). We found levels of oxidative DNA 

damage were significantly increased in cases after treatment with chemotherapy relative to 

controls (Conroy, McDonald, Smith, et al., 2013), and that oxidative damage is more 

prevalent in pyrimidines than in 8-OH Guanine and other purines, as evidenced by the net 

EndoNI-induced damage levels. Although we did not find any association between DNA 

damage and functional recruitment in either time-point or group, the finding of greater 

oxidative DNA damage levels may suggest a mechanistic explanation for alterations to brain 

activity seen in chemotherapy treated breast cancer patients that might be tested in the future 

in a larger sample.

The interpretation of these findings is limited by certain factors. While the longitudinal 

design suggests no significant differences between groups at baseline, the lack of a cancer 

control group not treated with chemotherapy, or not treated with hormonal therapy post-

adjuvant treatment, limits interpretation of potential etiologies of post-treatment changes, 

including effects of cancer itself, psychological effects of diagnosis, and effects of hormonal 

treatments. The challenge of recruiting participants for multiple time-points led to a smaller 

sample size that may have obscured detection of more subtle neural activity changes. The 

only region to show differences in TID was the rostral portion of the superior frontal gyrus, a 

region thought to bias processing toward or away from stimulus-independent thought 

(Gilbert et al., 2006). TID of this region may be interpreted as suppression of off-task 

thinking, but we did not assess subjective reports from participants to better understand the 

role of TID in this region in particular.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The number above each slice indicates the MNI z coordinate. Warm colors indicate 

increased activation while cool colors indicate decreased activation for the breast cancer 

versus healthy control group. a) Group x Time interaction in superior medial frontal gyrus 

and superior frontal gyrus for the 3-back condition; b) for cases, no significant change in 

recruitment for the 3-back condition; c) for controls, significantly decreased task induced 

deactivation in medial and superior frontal gyrus at follow-up compared to baseline for the 

3-back condition; d) parametric weighting of 0, 1, 2, 3 back and associated task induced 

deactivations to contextualize changes in task-induced deactivation with increasing working 

memory load from 0- to 3-back conditions; e) BOLD signal magnitudes for cases and 

controls from baseline to follow-up in superior frontal gyrus (21 63 24); f) Endonuclease III 
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Treated Tail Intensity (TIEndoIII) minus endogenous damage for cases and controls from 

baseline to follow-up; AU, arbitrary units.
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Table 1

Demographic and treatment characteristics

Cases (n=13) Controls (n=14)

Mean (SD) Mean (SD)

Age at baseline (years) 47.76 (6.4) 48.21 (7.7)

Education (years) 17 (6.4) 16 (7.8)

N (%) N (%)

Race & ethnicity

 Caucasian 5 (38) 12 (85)

 African-American 1 (7) 2 (14)

 Asian 5 (38) 0 (0)

 Hispanic 2 (15) 0 (0)

Handedness

 Right 13 (100) 14 (100)

 Left 0 (0) 0 (0)

Menopausal Status (baseline)

 Pre 6 (46) 5 (35)

 Peri 2 (15) 3 (21)

 Post 5 (38) 6 (43)

Time from surgery to baseline scan 46 (17)

Cancer stage

 i 3 (21)

 ii 1 (7)

 iia 4 (28)

 iib 1 (7)

 iiia 2 (14)

 No stage recorded 2 (14)

Chemotherapy type

 Adriamycin, Cytoxan, and Taxol 9 (69)

 Cyclophosphamide, methotrexate, fluorouracil 4 (28)

Hormone Therapy 10 (78)

 Tamoxifen 1 (10)

 Arimedex 8 (80)

 Femara 1 (10)

Radiation Therapy 12 (92)

Mean (range) Mean (range)

STAI-S

 Baseline 31 (21-46) 27 (21-47)

 Followup 30 (20-50) 33 (22-68)

CES-D

 Baseline 10 (2-20) 6 (0-20)

Brain Imaging Behav. Author manuscript; available in PMC 2022 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Root et al. Page 15

Cases (n=13) Controls (n=14)

Mean (SD) Mean (SD)

 Followup 8 (2-14) 9 (1-29)

Note. No differences were found for age or education or handedness between cases and controls
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Table 2.

Imaging Results

Region Hem K FWE- p Max-Z (x y z)

Group x Time

 Cases (n=13) Frontal Superior L 945 0.044 4.13 −12 72 18

 Controls (n=14) 0.057 4.06 −15 75 21

Frontal Superior R 1107 0.052 4.09 21 63 24

0.183 3.71 15 66 21

Within Groups

 Baseline> Time 2

  Cases Cerebellum 6 L 648 0.029 4.68 −27 −60 −18

  Controls Vermis 8 R 270 0.076 3.97 6 −69 −36

 Time 2>Baseline

  Cases n.s

  Controls Frontal Superior L 1026 0.009 4.55 −12 27 63

Frontal Superior Medial L 594 0.026 4.27 0 60 6

Frontal Superior R 837 0.047 4.11 18 63 27

Between Groups

 Baseline

  Cases>Controls n.s.

  Controls>Cases n.s.

 Time 2

  Cases>Controls n.s.

  Controls>Cases n.s.

Hem: Hemisphere; K: Cluster extent; FWE-p: Family-wise Error Corrected p-value; Max-Z: maximal z-score; (X Y Z): MNI coordinates; L, left; 
R, right. Gray cells highlight non-significant activations (n.s.).
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