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Effects of a 6-month aerobic exercise intervention on brain morphology in women with breast cancer receiving aromatase inhibitor therapy: a sub-study of the EPICC trial
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Objective: Physical exercise may increase brain volume and cortical thickness in late adulthood. However, few studies have examined the possibility for exercise to influence brain morphology in women treated for breast cancer. We conducted a nested sub-study within a randomized clinical trial to examine whether 6 months of moderate-intensity aerobic exercise in postmenopausal women with early-stage breast cancer influences brain morphology.

Methods: We included twenty-eight postmenopausal women newly diagnosed with Stage 0-IIIa breast cancer (M age = 62.96 ± 5.40) who were randomized to either 45–60 min of supervised aerobic exercise 3 days/week (n = 16) or usual care (n = 12). Before beginning aromatase inhibitor aromatase inhibitor therapy, and the exercise intervention, and again at 6-month follow-up, volumetric and cortical thickness measures were derived from magnetic resonance imaging scans.

Results: There were no significant intervention effects on brain volume and cortical thickness. However, greater average exercise intensity (%) during the intervention was associated with greater post-intervention cortical volume, mean cortical thickness, precentral gyrus thickness, and superior parietal thickness (all p < 0.05). Finally, total supervised exercise time was associated with higher precentral gyrus thickness after the intervention (p = 0.042, R2 = 0.263).

Conclusion: The exercise intervention did not significantly affect brain volumes and cortical thickness compared to the control group. However, positive associations were found between exercise intensity and brain morphology changes after the 6-month intervention, indicating that exercise may reduce the vulnerability of the brain to the deleterious effects of breast cancer and its treatment.
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1 Introduction

Breast cancer and breast cancer treatments are associated with altered brain structure and function, which are also linked to poorer cognitive performance, including memory and executive function (Ahles et al., 2012; Bender et al., 2015; Janelsins et al., 2014; Peukert et al., 2020). Previous studies have shown that structural brain alterations include global and regional grey matter volumetric reductions (Ahles et al., 2010; Lange et al., 2019), including changes in the temporal cortices (Kaiser et al., 2014). In this context, the hippocampus has gained much interest due to its connection with higher cortical brain structures and the limbic system (Schultz and Engelhardt, 2014). Numerous cross-sectional and longitudinal neuroimaging studies have observed that the hippocampus is more vulnerable to both structural and functional decline in the context of chemotherapy-exposed women with breast cancer (de Ruiter et al., 2011; Dubois et al., 2014; Inagaki et al., 2007; Peukert et al., 2020). For instance, several studies have reported that women with breast cancer exhibit smaller hippocampal volumes as compared to women without cancer (Peukert et al., 2020). These cancer-related changes in brain health have led to speculation about methods to prevent neurocognitive decline or to remediate brain health with intervention.

Physical exercise is one of the most promising non-pharmaceutical approaches for positively influencing brain health (Aghjayan et al., 2022; Aghjayan et al., 2021; Stillman and Erickson, 2018; Stillman et al., 2020). Recent reviews and meta-analyses demonstrate that aerobic exercise is an effective approach for improving self-reported cognitive function in women with breast cancer (Campbell et al., 2020; Koevoets et al., 2022; Ye Xin-Xin et al., 2022), and higher cardiorespiratory fitness levels are associated with greater hippocampal volumes in women treated for breast cancer (Chaddock-Heyman et al., 2015). Yet, despite these promising patterns of results, the effects of an exercise intervention on brain morphology in women with breast cancer remain infrequently studied and poorly understood.

In one 6-month randomized controlled trial (N = 118) investigating the effects of an exercise intervention on cognitive function and brain structure/function in physically inactive breast cancer patients, there were no exercise-related effects on the hippocampus, cortical thickness, or grey matter (GM) volume (Koevoets et al., 2023). In contrast, our main randomized clinical trial (RCT) demonstrated in 153 postmenopausal women with hormone receptor-positive early-stage breast cancer within two years post-primary breast cancer therapy that exercise improved measures of processing speed relative to the control group (Bender et al., 2024). Improvements were also found in learning, memory, and working memory function, and greater adherence to the intervention was associated with a greater improvement in cognitive performance. Yet, despite these cognitive improvements, there is a dearth of information on the consequences of an exercise intervention on brain morphology.

This nested sub-study was built logically from this prior research and was designed to explore, compared to usual care, the effects of a supervised 6-month moderate-intensity aerobic exercise intervention on brain volume and cortical thickness in 28 postmenopausal women with early-stage, hormone receptor-positive breast cancer. Additionally, we examined whether exercise-related increases in cardiorespiratory fitness were associated with increases in brain morphology. We predicted that exercise would increase the hippocampus and prefrontal cortex volumes compared to usual care and that those changes would be correlated with cardiorespiratory fitness improvements. Finally, in an exploratory analysis, we examined the association between changes in brain morphology and the total time of supervised exercise and average exercise intensity achieved during the supervised sessions.



2 Materials and methods


2.1 Participants and study design

The Exercise Program in Cancer and Cognition ([EPICC], Clinical Trials.gov NCT02793921) study was a randomized controlled trial in which 153 postmenopausal women with hormone receptor-positive, early-stage breast cancer were assigned to receive (i) a 6-month moderate-intensity aerobic exercise intervention (aerobic exercise group) or (ii) usual care (control group). Participants were recruited from medical and surgical oncology clinics of the UPMC Hillman Cancer Center Breast Cancer Program and the Breast Care Center of St. Clair Health (2015–2019). Ethics approval was obtained from the University of Pittsburgh Human Research Protection Office (PRO15120433), St. Clair Hospital IRB (PRO1712001), and the Carnegie Mellon University Institutional Review Board (study2016_00000197). Details concerning the inclusion and exclusion criteria have been previously described (Gentry et al., 2018). Briefly, eligible women were (i) postmenopausal, (ii) < 80 years of age, (iii) diagnosed with stage 0, 1, 2, or 3a breast cancer, (iv) within two years of completion of primary breast cancer therapy (surgery +/- chemotherapy) and (v) English-speaking with a minimum of 8 years of education. Women were excluded from participation if they received chemotherapy for a previous cancer, had clinical evidence of distant metastasis, were hospitalized for psychiatric illness within the previous two years, had any medical condition that would preclude exercise, had persistent breast cancer surgery complications, used an assisted walking device, or had a history of neurological illness, substance abuse, falls or balance problems. In addition, exclusion criteria included claustrophobia and the presence of irremovable metal implants incompatible with MRI. The participants for this analysis were among a subsample of women who were eligible for and consented to undergo MRI scanning (n = 28). All participants provided written informed consent.



2.2 Procedure

The randomization for the present sub-study was part of the parent EPICC study, but we did not stratify randomization for the parent study based on MR eligibility. After baseline comprehensive neuropsychological testing and a neuroimaging scan, women were randomly assigned to the aerobic exercise intervention or usual care control group using a minimization algorithm to balance study arms on age ( ≤ 60, > 60 to ≤ 70) and baseline executive function performance (composite mean z-scores, ≤ −0.5, > −0.5 to < +0.5, ≥ +0.5). Follow-up assessments (T2) occurred within two weeks of completion of the 6-month intervention and at a comparable time in the control group.



2.3 Intervention

Consistent with the American College of Sports Medicine (ACSM) recommendations for cancer survivors, the 6-month exercise intervention prescribed a minimum of 150 min of moderate-intensity aerobic exercise each week (Campbell et al., 2019; Patel et al., 2019). All supervised exercise sessions began and ended with a vital sign check and a 5 to 10-min warm-up and cool-down. Most women started with 10 to 15 min of moderate-intensity exercise three times/week. Exercise duration gradually increased during the following 4 weeks with the goal of reaching 45–60 min of exercise three days/week between weeks 4–6. Exercise intensity was measured continuously during the supervised exercise sessions via a Polar A10 Heart Rate Monitor chest strap and every 15 min via a rating of perceived exertion using the BORG scale (Borg, 1982). Participants were encouraged to maintain moderate intensity, equivalent to 60–75% of their age-predicted maximal heart rate. This duration, frequency, and intensity of aerobic exercise were maintained throughout the 6 months. Additionally, home-based exercise was reported by their participants in weekly diaries. Adherence to the exercise intervention, measured by the total time exercise (supervised and home-based sessions), adherence to the supervised exercise sessions, measured by the total time of supervised exercise, and average exercise intensity achieved during the supervised exercise sessions.

Research staff with background and ACSM certification in exercise training supervised the exercise sessions and recorded adherence, intensity, and safety information. Participants could choose their exercise mode (e.g., treadmills, elliptical machines, stationary bicycles, or concept two rower).



2.4 Usual care (control) group

Women randomized to the usual care condition were instructed to continue their usual activities for six months. Exercise was not withheld nor limited in this group.



2.5 Blinding

All investigators and research staff conducting assessments were blinded to random group assignment. The study’s principal investigators (PIs), statisticians, and interventionists were not blinded.



2.6 Study outcomes


2.6.1 MRI data acquisition and pre-processing

The methods used for the MRI data acquisition and pre-processing for this sample have been previously described (Donofry et al., 2022). MRI sequences were collected using a Siemens Verio 3T scanner (Siemens Medical Solutions USA, Inc., Malvern, PA, United States) outfitted with a 32-channel head coil. High-resolution T1-weighted anatomical volumes were acquired in the sagittal plane using a magnetization-prepared rapid gradient-echo (MPRAGE) sequence for each participant (256 slices, voxel dimensions 1 × 0.976 × 0.976 mm). We used Freesurfer version 6.0 (Fischl, 2012) for volumetric segmentation, cortical surface reconstruction, and parcellation to quantify the brain volumes of interest. We obtained left and right volumes from the hippocampus, cortical GM, cerebral white matter (WM), subcortical GM, and cerebral GM, and an estimate of total intracranial volume (eTIV). Further, we obtained left and right cortical thickness for the precentral, superior frontal, superior parietal, superior temporal, frontal pole, and mean cortical thickness throughout the whole brain. Right and left values were averaged to obtain a bilateral value for each region of interest (ROI), as our hypotheses were not hemisphere-specific. The ROIs were selected based on their implications in memory and executive function processes, which are regulated by the hippocampus and subdivisions of the prefrontal cortex.



2.6.2 Cardiovascular fitness

A submaximal graded exercise test was used to measure aerobic capacity using a modified Balke protocol (Fitchett, 1985). The protocol involved walking at a pace between 2.0 and 4.0 miles per hour (mph) with increasing grade increments of 1% every minute. The test speed was self-selected by the participant in consultation with the exercise physiologist at increments of 0.5 mph within the 2.0–4.0 mph range. Prior to the test, height and body mass were recorded, and the participant was fitted with a mouthpiece and nose clip to collect expired air. The test was terminated if any of the following criteria were met: (i) the participant reached 85% of her age-predicted maximal heart rate (220–age), (ii) a Borg rating (Borg, 1982) of perceived exertion of 15 or greater in participants taking a beta blocker, (iii) the participant reached volitional exhaustion, or (iv) safety concerns about continuation of the test by the monitoring medical team. Oxygen consumption was analyzed using a ParvoMedics metabolic cart (Parvo Medics TrueOne 2400), which uses an external mixing chamber with a pneumotach. Prior to each test, gas analyzers and flow meters were calibrated. VO2submax was defined as the oxygen consumption relative to body weight in kilograms (ml/kg/min) achieved at 85% of the age-predicted maximal heart rate, and data were extrapolated to estimate maximal oxygen consumption (estimated VO2peak). VO2peak was defined as the highest VO2 value recorded during the submaximal test using 15-second timed interval averaging.




2.7 Statistical methods

The mean and standard deviation (SD) were used to describe the baseline characteristics of the sample. Baseline demographics, VO2 measurements, and brain volumetric and cortical thickness values were compared between the exercise and control groups using the two-sample Wilcoxon test.

We assessed the effect of the 6-month exercise intervention on brain volumes and cortical thickness using linear mixed modeling (LMM). Models included the fixed effect for the main effect of treatment (6-month aerobic exercise intervention, control), time (baseline−T1, month 6−T2), and their interaction, as well as covariates, including age and eTIV at baseline. We adjusted for brain size using the covariate approach, as this has been shown to be more effective than the proportion method at removing the confounding effects of eTIV (Pintzka et al., 2015; Sanfilipo et al., 2004). We also included random effects (random intercept) for individual participants to account for the within-individual correlation among repeated measurements at baseline and month 6. LMM allowed us to model the changes in brain volumes and cortical thickness measures as a function of both time and group while also including potential confounding variables (e.g., age, eTIV) in the model. The LMM was implemented using the lmer4 package in R.

Simple and multiple linear regression models were used to test the relationship between cardiorespiratory fitness changes and brain morphology changes (volumetric and cortical thickness values) from baseline to 6-month follow-up. We further explored the effect of the intervention in the aerobic exercise group by analyzing the association between average time of supervised exercise (min/week) and average exercise intensity achieved during the supervised sessions (%) with changes in brain morphology. Results were presented unadjusted (Model 1) and adjusted by age and eTIV (Model 2). For the purpose of this pilot study, we maintained a standard threshold of p < 0.05 for exploratory purposes and for estimating effect sizes.

We then conducted sensitivity analyses to assess the robustness of the results. Outliers with values more than 4 standard deviations above the mean of the dependent or independent variables were excluded from the analysis. Additionally, one participant who did not complete the supervised exercise sessions was excluded from the analysis. Standardized regression coefficients, SEs, t-values, p-values, and R-squared values were reported for all linear regression models (Cohen, 1962, 1988).

All analyses were performed using R software (version R 4.3.2).




3 Results

Baseline characteristics of the sample (N = 28) are summarized in Table 1. No significant differences were found between groups in baseline brain volumetric or cortical thickness values (all p > 0.05), except for baseline middle orbitofrontal cortical thickness where the aerobic exercise group had larger thickness values than the control group (p = 0.002).


TABLE 1 Baseline demographic characteristics and outcome values overall and by the study arms.
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The study’s adherence rate for the intervention group (n = 16) was 112.5%, with an average of 169 minutes of exercise per week accounting for supervised in-person and home-based exercise sessions. The adherence rate to the supervised exercise sessions was 68%; when excluding the participant who did not perform in-person exercise sessions, the adherence rate was 72%. The average exercise intensity was 73% of the age-predicted maximal heart rate, with an average of 12 RPE during the supervised sessions.


3.1 Group differences in neuroimaging metrics of brain health

Table 2 shows the changes in brain volume and cortical thickness values between T1 and T2 for each group. The exercise group had smaller decreases over time in several brain volume areas, including the hippocampus, cortical gray matter (GM), cerebral white matter (WM), and cerebral GM, compared to the control group. However, no significant statistical time × group interactions were found in any volumetric measures (all p ≥ 0.05). Further, no statistically significant time × group interactions were found in the precentral, superior frontal, superior parietal, superior temporal, frontal pole, and mean cortical thickness (all p ≥ 0.05). The results remained the same after excluding the participant who did not complete supervised exercise sessions (see Supplementary Table 1).


TABLE 2 Changes in brain volume and cortical thickness from baseline to 6-month follow-up for both trial conditions.
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3.2 Associations between changes in neuroimaging metrics and cardiovascular fitness changes

No significant associations were found between percentage change over the course of the intervention in submaximal VO2peak and percent change in brain volume or cortical thickness (all p ≥ 0.05; see Supplementary Table 2). Additionally, no associations were found between percentage change in time to exhaustion and percentage change in brain volume or cortical thickness (all p ≥ 0.05; see Supplementary Table 2).

When examining the 16 participants assigned to the aerobic exercise group, we found that a greater average percent exercise intensity achieved over the 6-month period was associated with a greater percentage increase in cortical GM volume (p = 0.030, R2 = 0.413; see Figure 1A), as well as a greater increase in mean cortical thickness (p = 0.007, R2 = 0.561, see Figure 1B), precentral gyrus thickness (p = 0.021, R2 = 0.448; see Figure 1C), and superior parietal lobule thickness (p = 0.035, R2 = 0.421; see Figure 1D), after adjusting for age and eTIV. In contrast, and inconsistent with our hypotheses, higher percent exercise intensity was associated with greater decrease in frontal pole thickness even after adjusting by age and eTIV (p = 0.040, R2 = 0.407; see Figure 1E). Additionally, we found that greater average time of supervised exercise (min/week) was associated with a greater percentage increase in precentral gyrus thickness in our unadjusted model (p = 0.042, R2 = 0.210; see Figure 1F) and with a lower percentage change in superior temporal thickness in our unadjusted model when excluding the participants who did not complete the intervention (p = 0.008, R2 = 0.263; see Supplementary Figure 1), which persisted after adjusting by age and eTIV (p = 0.017, R2 = 0.437; see Supplementary Figure 1).
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FIGURE 1
Associations of average exercise intensity with change in cortical GM volume (A), mean thickness (B), precentral gyrus thickness (C), superior parietal thickness (D), frontal pole thickness (E). Associations of average time supervised exercise with change in precentral gyrus thickness (F). Sample included n = 16. β, standardized regression coefficient; Significant level at p < 0.05. Model 1: Unadjusted analyses; Model 2: Analyses were adjusted for age and estimated total intracranial volume.





4 Discussion

We examined the effects of a 6-month moderate-intensity aerobic exercise intervention on several metrics of brain morphology in women treated for breast cancer. Contrary to our predictions, there was no evidence of an exercise intervention effect on hippocampal, cortical GM, cerebral WM, subcortical GM, or cerebral GM volumes, and no effect of the intervention on cortical thickness. Similarly, we found no associations between exercise-related increases in cardiorespiratory fitness and increases in brain morphology. However, importantly, a higher exercise intensity achieved during the supervised sessions was associated with greater increases in cortical GM, mean cortical thickness, precentral gyrus, and superior parietal thickness post-intervention. In further support of the idea that adherence to the intervention matters, we found that total supervised exercise time was associated with greater thickness of the precentral gyrus after the intervention.

The lack of significant intervention effects might not be surprising given the small sample size and pilot nature of this study. In fact, most effect sizes of morphological brain changes resulting from exercise interventions that have been generated from meta-analyses suggest modest effects that likely require > 100 participants to reliably detect an effect. Additionally, the subsample included in these analyses showed small changes in cardiovascular fitness after the intervention suggesting that if changes in cardiovascular fitness mediates the effect of exercise on brain morphology, then we would expect small-to-negligible effects on brain morpohology. However, whether improvements in cardiorespiratory fitness drives an effect on the brain remains a matter of continued debate in the field. Yet, when examining the mean differences of changes over time between both groups, we observed smaller decreases in brain volumes (e.g., hippocampus, cortical GM, cerebral WM, subcortical GM, and cerebral GM) in the aerobic exercise group compared to the control group. Although the trends did not reach statistical significance, they suggest that a well-powered study might detect differences between groups over the course of the intervention. It is also possible that the average age of our sample contributed to reduced effect sizes. A recent meta-analysis reported a positive impact of exercise on hippocampal volume in participants aged 65 or older but not in participants younger than 65 (Wilckens et al., 2021). Our sample was, on average, 62.96 years of age. Although it is possible that the benefits of exercise might be greater in populations with either cognitive impairment or accelerated aging (e.g., breast cancer patients), these results suggest that the exercise intervention might show a different magnitude of response to brain morphology as a function of age. However, the moderating effect of age on the association between physical exercise and brain morphology is unclear due to the heterogeneity among intervention designs (i.e., duration, intensity, or type of exercise). Future research should examine this further.

Cardiorespiratory fitness has been consistently linked to better neurocognitive performance in numerous populations, including women treated for breast cancer (Campbell et al., 2020; Chaddock-Heyman et al., 2015; Koevoets et al., 2023; Koevoets et al., 2022; Ye Xin-Xin et al., 2022). We previously reported in this sample at baseline that higher cardiorespiratory fitness was associated with elevated resting state functional connectivity (rsFC) of the hippocampus with prefrontal brain regions (Lesnovskaya et al., 2023). Therefore, although fitness levels have been extensively linked to neurocognitive improvements, there is a lack of understanding of this relationship in vulnerable populations such as women with breast cancer.

Finally, despite the lack of a statistically significant effect of the exercise intervention on brain volumes and cortical thickness, our results support the hypothesis that exercise intensity could be driving exercise effects on brain morphology. Specifically, higher exercise intensity was associated with greater increases in cortical GM and cortical thickness (e.g., precentral gyrus, superior parietal, and mean cortical thickness), reflecting moderate effect sizes (adjusted R2 from 0.26 to 0.46). Finding these effect sizes in this small pilot sample suggests that exercise intensity could play a key role, as others have previously indicated (Koevoets et al., 2023; Wilckens et al., 2021). However, the current findings must be interpreted with caution due to the small sample size and the pilot nature of this nested sub-study.

Strengths of the current pilot study include the randomized and rigorous nature of the exercise intervention, the length of the intervention (6 months), the achieved intensity of the intervention (60–75% maximal heart rate; 150 min/week), and type of intervention (moderate-intensity aerobic exercise) in a vulnerable sample such as women with breast cancer. Additionally, the intervention was supervised, and patients showed good average adherence to the program (72%). However, this nested sub-study presented several limitations. There were several challenges in recruiting this patient population for MRI pre-therapy, such as time constraints or incompatible seeds/implants related to breast biopsy procedures. However, although our sub-study sample size was small, the significant associations found between exercise intensity and percentage changes in brain morphology had moderate effect sizes. In conclusion, the current preliminary results indicate that the aerobic exercise intervention was not effective at increasing brain volumes and cortical thickness in women with breast cancer. However, the positive associations between average exercise intensity during the intervention and percentage change in brain morphology suggest that exercise may benefit this population by potentially reducing the vulnerability of the brain to the deleterious effects of breast cancer and its treatment. Future studies with more well-powered samples are needed to test these effects.
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Education (years) 16.60 (3.20) 15.20 (2.52) 15.96 (2.96) 0.109
BMI 31.00 (7.80) 33.90 (5.01) 32.30 (6.79) 0.202
eTIV (cm?) 1450 (107.70) 1430 (178.10) 1438 (139.47) 0471
Baseline VO3 peq. (ml 17.18 (3.28) 16.18 (2.35) 16.76 (2.92) 0.134
kg™ U min~1)
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Brain volume
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Frontal pole (mm) 2.83 (0.16) 279 (0.13) 2.82 (0.15) 0271
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Values are presented as mean (standard deviation). BMI, body mass index; eTTV, estimated total intracranial volume.

atp < 0.05.

*p-value is from the two-sample Wilcoxon rank-sum test. Significant level
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