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Abstract 
Background:  While cardiotoxic chemotherapy is known to negatively impact cardiac function and hemoglobin levels, the impact on skeletal 
muscle has been understudied among patients. The purpose was to longitudinally characterize myosteatosis (muscle fat), skeletal muscle 
metabolism, and oxygen (O2) consumption during cardiotoxic chemotherapy for breast cancer.
Patients and Methods:  Thirty-four patients with stage I-III breast cancer were enrolled before trastuzumab-containing and/or anthracycline-con-
taining chemotherapy. We used magnetic resonance imaging to non-invasively quantify thigh myosteatosis (fat-water imaging), and lower leg 
metabolism (31P spectroscopy), O2 consumption (custom techniques), and peak power output during single-leg plantarflexion exercise at pre-, 
mid-, end-chemotherapy, and 1-year. We also measured pulmonary VO2peak and maximal leg press strength.
Results:  During chemotherapy, VO2peak and leg press strength decreased while peak plantarflexion power output was maintained. At mid-che-
motherapy, hemoglobin decreased (16%) and lower leg blood flow increased (37%) to maintain lower leg O2 delivery; exercise Pi:PCr and 
myosteatosis increased. Between mid- and end-chemotherapy, lower leg O2 extraction (28%) and O2 consumption (21%) increased, while 
plantarflexion exercise efficiency (watts/O2 consumed) decreased. At one year, VO2peak and leg press strength returned to pre-chemotherapy 
levels, but lower leg exercise O2 extraction, consumption and Pi:PCr, and myosteatosis remained elevated.
Conclusion:  Lower leg skeletal muscle blood flow and O2 extraction adapt to compensate for chemotherapy-related hemoglobin reduc-
tion for small muscle mass exercise but are insufficient to maintain large muscle mass exercise (pulmonary VO2peak, leg press strength). 
The excess O2 required to perform work, increased Pi:PCr ratio and myosteatosis together suggest suppressed fat oxidation during 
chemotherapy.
Key words: breast neoplasm; cardiotoxicity; muscle, skeletal; drug therapy; magnetic resonance imaging.

Implications for Practice
This study found skeletal muscle metabolic perturbations and persistent myosteatosis (muscle fat infiltration) during breast cancer 
chemotherapy treatment. These findings identify targetable mechanisms to address patient-reported symptoms (eg, fatigue, exercise 
intolerance) and long-term metabolic impairment (eg, suppressed fat oxidation leading to insulin resistance). The implications for practice 
are two-fold. First, physical activity that does not require large muscle mass may be more tolerable for patients while hemoglobin levels 
are suppressed by chemotherapy. Second, further clinical follow-up is indicated well beyond completion of breast cancer treatment to 
monitor and manage potential development of insulin resistance and metabolic diseases.

Introduction
A decline in cardiopulmonary fitness, measured as peak 
exercise pulmonary oxygen uptake (VO2peak), is a well-es-
tablished adverse consequence of chemotherapy treatment. 
VO2peak is an independent predictor of cardiovascular mor-
bidity and mortality1 that integrates cardiopulmonary, vas-
cular, and skeletal muscle system function in the transport 
of oxygen (O2) from atmospheric air to the mitochondria to 

perform physical work.2 It is also well-established that anth-
racycline- and trastuzumab-based chemotherapy may pro-
mote cardiac and hematologic toxicity that results in reduced 
whole-body convective O2 delivery.3,4

In contrast, skeletal muscle metabolism and O2 delivery and 
utilization have received relatively little study in patients with 
breast cancer. Histologic analysis of thigh muscle tissue in 10 
patients with breast cancer receiving anthracycline-containing 
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chemotherapy showed significant decreases in citrate syn-
thase activity, oxidative muscle fiber cross-sectional area, and 
capillary number per muscle fiber.5 Given the inherent risks 
and discomfort of invasive tissue sampling in chemotherapy 
recipients, non-invasive imaging may be more feasible for 
serial assessments and offers the ability for provocative real-
time testing with exercise. In a recent cross-sectional study of 
breast cancer survivors one year after anthracycline treatment, 
we found no evidence of impaired skeletal muscle metabolism 
nor deficits in O2 delivery and utilization using magnetic res-
onance imaging (MRI), despite a 20% reduction in VO2peak 
compared to matched controls.6 Yet, we observed increased 
myosteatosis (ie, fatty infiltration of skeletal muscle) in the 
thigh, lower leg, and paraspinal regions among the breast 
cancer survivors.6 Further, thigh myosteatosis had similar 
predictive power for low pulmonary VO2peak as exercise car-
diac function.7 We also found that greater myosteatosis in the 
lower leg was associated with decreased O2 consumption and 
extraction by the lower leg during submaximal plantarflex-
ion (ie, toe-pointing) exercise.6 Similarly, while the functional 
implications are not yet clear, we found that intermuscular 
fat within the paraspinal (postural) muscles significantly 
increased within the first 3 months of trastuzumab-containing 
chemotherapy and persisted to 12 months.8

The primary aim of this exploratory study was to exam-
ine the changes in skeletal muscle energy metabolism, O2 
consumption and its determinants, and composition over 12 
months of cardiotoxic chemotherapy for early-stage breast 
cancer. A secondary aim was to evaluate the interrelation-
ships among chemotherapy-related changes in myosteatosis, 
isolated skeletal muscle metabolism and O2 consumption, 
as well as performance metrics (eg, cycle ergometer pulmo-
nary VO2peak, leg press maximal strength). We hypothesized 
that (1) chemotherapy would result in metabolic perturba-
tions, and alterations in O2 delivery and utilization, and (2) 
leg myosteatosis that would be related to skeletal muscle 
performance.

Methods
Design
This study was a sub-study enrolling the last 34 of 80 partic-
ipants in a parent study whose rationale and design have pre-
viously been reported.9 The sub-study was designed with the 
independent goal of a comprehensive characterization of lon-
gitudinal skeletal muscle changes across chemotherapy treat-
ment. Participants enrolled in the sub-study performed longer 
MRI scans and one additional scan to quantify the changes in 
skeletal muscle O2 consumption and its determinants, metab-
olism, and composition across 4 time points. The parent study 
randomly assigned patients to a multi-disciplinary team care 
intervention for cardiovascular risk reduction (described in 
detail in Supplementary material) or to usual cancer care with 
a primary outcome of left ventricular ejection fraction (LVEF) 
(ClinicalTrials.gov: NCT01621659). The parent intervention 
was not targeted to impact the exploratory skeletal muscle 
analysis in the sub-study, nor was the sub-study powered 
to detect a group difference. Rather, we accounted for the 
potential influence of the random group assignment in our 
analyses. Here, we report the skeletal muscle evaluations col-
lected exclusively for the sub-study as well as measures of 
pulmonary VO2peak and leg muscular strength completed 
for the parent study for the 34 participants in the sub-study. 

The Health Research Ethics Board of Alberta provided ethi-
cal approval for the study. All participants provided written 
informed consent.

Patients
Patients were recruited from the Cross Cancer Institute 
(Edmonton, Canada). Eligible patients were age >18 years, 
with a recent diagnosis of stage I-III breast cancer, scheduled 
to receive trastuzumab-containing and/or anthracycline-con-
taining chemotherapy, and able to give consent in English. 
Patients were excluded if they had contraindications to MRI 
or exercise testing, previous heart failure, baseline LVEF 
<50%, or prior cardiotoxic treatment. Age-, sex-, and body 
mass index (BMI)-matched controls without a history of can-
cer were recruited by word of mouth for comparison data. 
Controls were excluded for MRI or exercise testing contrain-
dications, and diagnoses of other major comorbid conditions 
(diabetes, cardiovascular disease, respiratory disease).

Outcome Measures
We performed MRI scans on the patients with breast cancer 
at pre-chemotherapy (baseline), the mid-point of chemother-
apy (~2-3 weeks after cycle 3 or ~9-10 weeks after baseline), 
at the end of chemotherapy (~24 weeks after baseline), and 
at 1 year after baseline on a 3.0T system (Prisma, Siemens 
Healthcare, Erlangen, Germany). For the non-cancer controls, 
we performed a single scan using identical protocols; results 
were previously reported.6 Magnetic resonance imaging stud-
ies included assessment of leg skeletal muscle composition 
and functional responses to in-magnet exercise challenges 
(described briefly below, with further detail in Supplementary 
material). Cardiac MRI was not included in this sub-study.

Skeletal Muscle and Fat Composition
The fat and muscle compartments of the right lower leg and 
thigh were evaluated using the chemical-shift encoded MRI 
approach.10 For the thigh, 5 cm of consecutive slices were stan-
dardized to a mid-thigh location across all participants. For 
the lower leg, a matched number and location of consecutive 
slices with near full coverage below the knee were standard-
ized within each participant over time. Volumes of subcuta-
neous and intermuscular fat, and muscle were summed across 
slices within each region. Myosteatosis was represented by 
the ratio between intermuscular fat and muscle and by mus-
cle fat fraction (intermuscular fat/(intermuscular fat + skeletal 
muscle) × 100%).

Small Muscle Mass Exercise Test 1: Incremental-to-
Maximum Workload with 31P Spectroscopy
To evaluate muscle energy metabolism, 31P spectra were 
acquired at rest, during an incremental-to-maximum work-
load (4 W with 2-W/min increments) unilateral (left leg), 
plantarflexion (toe-pointing) exercise test, and for 4 minutes 
of recovery. The exercise device was a commercially avail-
able MRI ergometer (Trispect Module, Ergospect, Austria). 
Single-leg plantarflexion exercise requires a small volume of 
muscle mass, which limits the role of the heart, thus isolating 
our evaluation primarily to skeletal muscle function. Relative 
concentrations of phosphocreatine (PCr) and inorganic phos-
phate (Pi), and the intracellular pH were evaluated using stan-
dard methods11 for rest, low intensity (~40% of peak), high 
intensity (~80% of peak), and peak exercise. The Pi:PCr ratio 
represents coupling between ATP use and resynthesis.11 The 
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PCr recovery time constant, an indicator of muscle oxidative 
capacity, was calculated by fitting a mono-exponential curve 
to the recovery data.

Small Muscle Mass Exercise test 2: 60% of Peak 
Workload with Evaluation of O2 Consumption 
Determinants
Following 15-20 minutes of rest, participants performed a 
second plantarflexion test on the opposite (right) leg for 4 
minutes at a constant workload corresponding to 60% of 
peak workload achieved on the first test. Within <1 second 
of exercise completion, lower leg blood flow and venous O2 
saturation (SvO2) were measured in an image slice perpendic-
ular to the superficial femoral vein just superior to the knee 
to measure blood flow, and together with hemoglobin (from 
complete blood count) and arterial oxygen saturation (from 
pulse oximetry), were used to calculate lower leg O2 delivery, 
consumption, and extraction.12,13

Large Muscle Mass Exercise Tests: Pulmonary VO2 
Peak and Leg Muscular Strength
At pre-chemotherapy, end-chemotherapy, and 1 year (typ-
ically within 1-2 weeks of the MRI scans) all patients 
performed an incremental to-maximum workload cardio-
pulmonary exercise test (Encore229 Vmax; SensorMedics, 
Yorba Linda, USA) on a cycle ergometer (Ergoselect II 1200 
Ergoline, Germany). Pulmonary VO2peak was measured as 
the highest 20-second average volume of O2 uptake. Further 
test details are available in the Supplementary material. Leg 
muscular strength was assessed as the leg press 1-repetition 
maximum (1-RM) estimated using the maximal weight lifted 
for 7-10 repetitions.14 Cycling and leg press require substan-
tially greater muscle mass, and thus greater contribution from 
the heart for delivery of O2 relative to the plantarflexion tests. 
The controls completed the cardiopulmonary exercise test but 
not the leg press test.

Sample Size
We received ethics approval to begin enrolling participants 
into the sub-study after the 46th of 80 planned participants in 
the parent study. We performed a post hoc sensitivity analysis 
to estimate the detectable effect sizes for a repeated measures 
within factor design using the acquired sample size of 34 par-
ticipants and acquired correlations among repeated measures 
for several variables. This sample size provided 95% power 
to detect effect sizes (Cohen’s f) ranging from 0.04 to 0.21, 
where 0.1 is considered small and 0.25 is considered medium.

Analyses
We compared all measures between the controls and the 
patients with breast cancer at pre-chemotherapy with inde-
pendent t-tests to help isolate whether the changes over time 
in the patients were related to cancer treatment or the cancer/
pre-diagnosis risk factors. To evaluate changes over time in 
the patients for each variable, time was used as a repeated and 
fixed factor in a generalized linear mixed model (GLMM). 
We included the intervention groups from the parent study as 
both a fixed and interaction (with time) effect in all GLMMs 
to account for potential effects of group assignment. In the 
case of a non-significant group × time interaction effect, the 
main effect of time was interpreted using pairwise contrasts 
between pre-chemotherapy and each later time point, and 
mid-chemotherapy and each later time point with significant 

differences interpreted with P ≤ 0.05. We also evaluated a 
potential influence of treatment type (anthracycline versus 
trastuzumab treatment protocols) on the changes over time 
by performing a second GLMM for each variable with inter-
vention group replaced with treatment type. In all GLMMs, 
we included participant as a random effect to account for 
correlation over time and chose the distribution and link 
function that provided normally distributed residuals (deter-
mined by QQ plots) and/or provided the best model fit (deter-
mined by Akaike information criterion) for each variable. We 
performed Pearson correlations between changes in metrics 
of lower leg muscle metabolism or O2 consumption and its 
determinants with concurrent changes in exercise perfor-
mance metrics (ie, cycle ergometer pulmonary VO2peak, leg 
press 1-RM, plantarflexion peak power) or myosteatosis. 
Change scores were calculated for mid-chemotherapy minus 
pre-chemotherapy and end-chemotherapy minus pre-chemo-
therapy. Analyses were performed using SPSS Version 26 with 
P ≤ .05 considered significant.

Results
Patients
Thirty-four patients were enrolled into this sub-study with 
14 randomly assigned to the multi-disciplinary care inter-
vention group and 20 to the usual care group; 24 received 
anthracyclines (epirubicin, combined with fluorouracil and 
cyclophosphamide, followed by docetaxel); 10 received tras-
tuzumab combined with docetaxel and carboplatin. No rel-
evant interaction effects were present for the parent study’s 
intervention group or for treatment protocol; thus all pre-
sented results are for the main effect of time. Sixteen con-
trols were evaluated. All patients and controls were female; 
diagnosis and treatment and resting clinical data are shown 
in Table 1.

Patients with Breast Cancer vs Non-cancer Controls
Pre-chemotherapy age, BMI, blood pressure, hemoglobin, all 
muscle composition variables, and all lower leg O2 consump-
tion and 31P spectroscopy variables did not differ in patients 
from controls (Tables 1-3), suggesting that changes over time 
in the patients were most likely attributable to the direct and 
indirect effects of cancer treatment rather than cancer itself or 
pre-diagnosis risk factors.

Change in Lower Leg Skeletal Muscle Metabolism, 
O2 Consumption and its Determinants
Resting arterial O2 saturation was normal (98%-99%) 
at all time points and did not change over time (Table 1). 
Hemoglobin (and hence arterial O2 content) decreased sub-
stantially by mid-chemotherapy, did not change further at 
end-chemotherapy, and remained lower than pre-chemother-
apy at end-chemotherapy and 1 year; 1 year was higher than 
mid-chemotherapy (Fig. 1A). There were several correspond-
ing changes in lower leg muscle O2 consumption and metabo-
lism that compensated for the reduced hemoglobin (Fig. 1B-F).  
Specifically, lower leg exercise blood flow increased at 
mid-chemotherapy and remained elevated to 1 year result-
ing in no significant change in lower leg O2 delivery over 
time. At mid-chemotherapy, lower leg O2 consumption, O2 
extraction, and SvO2, during exercise were not different from 
pre-chemotherapy. However, by end-chemotherapy, exer-
cise SvO2 was lower, reflecting higher O2 extraction and O2 
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consumption relative to both pre- and mid-chemotherapy. In 
terms of persistent effects at 1 year, hemoglobin was increased 
from mid-chemotherapy, but remained lower than pre-che-
motherapy with corresponding but inverse changes in lower 
leg exercise blood flow. At 1 year, exercise O2 extraction and 
consumption remained higher than pre-chemotherapy.

Table 2 shows lower leg 31P spectroscopy results. From pre 
to mid-chemotherapy, Pi:PCr increased at rest, 40% and 80% 
exercise intensity, and pH for the 80% intensity workload 
was reduced. Pi:PCr remained elevated relative to pre-chemo-
therapy at end-chemotherapy and one year for rest and 40% 
intensity workload. Peak pH and PCr recovery time constant 
did not change over time.

Change in Skeletal Muscle Performance Metrics
Despite the multitude of changes in metabolism and O2 deliv-
ery and utilization in the lower leg skeletal muscle, there was 
no significant changes over time in plantarflexion peak power 
output (Table 3). However, because the lower leg O2 con-
sumption increased at end-chemotherapy, there was a corre-
sponding decrease in plantarflexion exercise efficiency (watts/
O2 consumed, Table 3; Fig. 1G). Leg press 1-RM and cycle 
ergometer pulmonary VO2peak both decreased from pre to 
end-chemotherapy, then returned to pre-chemotherapy levels 
by 1 year (Table 3).

Associations with Skeletal Muscle Performance
We found evidence to suggest that changes to muscle metab-
olism, lower leg O2 consumption and its determinants could 

be underlying mechanisms in chemotherapy-related reduc-
tions in muscular performance. Regarding small muscle 
mass exercise, a reduction in peak plantarflexion power out-
put during both the first half and full length of chemother-
apy was associated with increased Pi:PCr at 40% intensity 
(r = −0.38, P = .04; r = −0.50, P = .004), decreased lower leg 
O2 delivery (r = .63, P = .0001; r = .58, P = .0005) and O2 
consumption (r = .61, P = .0002; r = .55, P = .001).

In terms of large muscle mass exercise, a reduction in 
leg press 1-RM during chemotherapy (end-pre-chemother-
apy) was associated with a concurrent worsening of mark-
ers of lower leg muscle metabolism (ie, slower PCr recovery,  
r = −0.41, P = .04; increased Pi:PCr at 80% intensity,  
r = −0.60, P = .001; increased Pi:PCr at 40% intensity, r = −0.39,  
P = .05), but not lower leg O2 consumption or O2 extraction. 
There was no association between change in pulmonary 
VO2peak (absolute or indexed to body mass) and changes in 
lower leg muscle metabolism or O2 consumption.

Change in Myosteatosis
Figure 2 shows the relative changes to muscle and fat com-
partments of the thigh as a percentage of pre-chemotherapy 
values at each time point. Muscle and subcutaneous fat vol-
umes did not significantly change. Thigh intermuscular fat 
and the myosteatosis metrics all significantly increased by 
mid-chemotherapy and stayed elevated at end-chemotherapy 
and 1 year. The lower leg muscle and fat volumes did not 
change significantly (data not shown).

Table 1. Descriptive and resting variables.

 Controls (n = 16) Patients (n = 34)

Age (years), mean ± SD 56 ± 10 51 ± 10

Breast cancer stage, n (%) n/a

  I 4 (12%)

  II 25 (74%)

  III 5 (15%)

Chemotherapy regimen n/a

  Anthracycline-containing, n (%) 24 (71%)

  Anthracycline dose (mg/m2), median 301

  Trastuzumab-containing, n (%) 9 (26%)

  Trastuzumab dose (mg/kg), median 107

Radiation therapy, n (%) n/a

  Left sided 18 (53%)

   Dose (cGy), median 4500

  Right sided 13 (38%)

  None 3 (9%)

 Controls Pre-chemotherapy Mid-chemotherapy End-chemotherapy One year 

Mean ± SD

Body mass (kg) 74.9 ± 11.7 73.3 ± 16.6 74.1 ± 17.4 73.5 ± 15.9 73.9 ± 16.8

Body mass index (kg/m2) 27.9 ± 4.9 27.3 ± 5.4 27.6 ± 5.4 27.4 ± 5.1 27.6 ± 5.3

Systolic blood pressure (mmHg) 114 ± 11 112 ± 12 109 ± 10a 109 ± 11a 113 ± 17

Diastolic blood pressure (mmHg) 69 ± 6 69 ± 9 65 ± 8a 66 ± 9a 68 ± 13

Arterial O2 saturation (%) 98 ± 2 99 ± 1 99 ± 1 98 ± 2 98 ± 2

aDifferent from pre-chemotherapy (P ≤ .05).
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Associations with Myosteatosis
We found associations between increased myosteatosis (mus-
cle fat fraction) in the first half of chemotherapy with reduced 
lower leg O2 consumption (r = −0.36, P = .05), increased SvO2 
(r = .37, P = .04), and O2 extraction (r = −0.37, P = .03).  
An increase in lower leg myosteatosis across the whole 
course of chemotherapy was associated with increased 
pH at 80% intensity and peak exercise (r = .43, P = .02;  
r = .44, P = .01). Change in cycle ergometer pulmonary 

VO2peak during chemotherapy was not related to change in 
thigh myosteatosis.

Discussion
To our knowledge, this study provides the most comprehen-
sive longitudinal characterization of changes in both skeletal 
muscle composition (myosteatosis), real-time evaluation of 
exercise muscle metabolism, and O2 delivery and utilization 

Figure 1. Changes to lower leg oxygen delivery, extraction, consumption, and exercise efficiency with single leg plantarflexion exercise across 
chemotherapy treatment.
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during chemotherapy treatment. Among women receiving 
cardiotoxic chemotherapy treatment for early-stage breast 
cancer, we found increased thigh myosteatosis, pertubations 
in lower leg skeletal muscle energy metabolism, and adap-
tive changes in lower leg O2 delivery and extraction during 

plantarflexion exercise. No differences were present in any 
of these metrics between patients with breast cancer prior 
to chemotherapy and age- and BMI-matched non-cancer 
controls, suggesting that the direct and indirect (ie, lifestyle 
toxicity such as physical inactivity, stress, poor diet) effects 

Table 2. 31P spectroscopy data for rest, low intensity (40% peak power), high intensity (80% peak power) and peak exercise, and PCr recovery.

Spectroscopy variable Control (n = 16) Patients (n = 34)

Pre-chemotherapy Mid-chemotherapy End-chemotherapy One year 

Pi:PCr resting 0.10 (0.02) 0.11 (0.02) 0.12 (0.03)a 0.12 (0.02)a 0.12 (0.02)a

Pi:PCr 40% intensity 0.31 (0.08) 0.29 (0.07) 0.34 (0.08)a 0.32 (0.07)a 0.32 (0.06)a b

Pi:PCr 80% intensity 0.61 (0.17) 0.58 (0.22) 0.62 (0.19)a 0.56 (0.17) 0.56 (0.22)b

Pi:PCr peak exercise 0.84 (0.23) 0.78 (0.29) 0.84 (0.26) 0.74 (0.22)‡ 0.72 (0.28)

pH resting 7.09 (0.11) 7.07 (0.05) 7.09 (0.07) 7.07 (0.04) 7.08 (0.04)

pH 40% intensity 7.07 (0.08) 7.08 (0.06) 7.06 (0.07) 7.09 (0.04) 7.11 (0.06)

pH 80% intensity 6.75 (0.3) 6.86 (0.19) 6.79 (0.22)a 6.84 (0.20) 6.90 (0.21)b

pH peak exercise 6.62 (0.28) 6.73 (0.21) 6.67 (0.22) 6.73 (0.29) 6.77 (0.24)

PCr recovery time constant (s) 33 (9) 37 (13) 40 (17) 38 (11) 33 (10)b

aDifferent from pre-chemotherapy (P ≤ .05).
bDifferent from mid-chemotherapy (P ≤ .05).

Table 3. Skeletal muscle performance metrics.

Spectroscopy variable Control  
(n = 16) 

Patients (n = 34)

Pre-chemotherapy Mid-chemotherapy End-chemotherapy One year 

Incremental maximal test plantar flexion 
test peak power output (W)

15.7 (3.1) 14.5 (3.5) 14.7 (3.8) 14.3 (3.8) 14.6 (3.6)

Submaximal 4-minute steady-state 
plantarflexion test power output (W)

10.0 (1.9) 8.9 (2.0) 9.1 (2.1) 8.9 (2.3) 9.2 (2.2)

Plantarflexion exercise efficiency (pow-
er output/VO2 reserve, W/mL/minute)

0.25 (0.08) 0.24 (0.07) 0.22 (0.05) 0.21 (0.07)a b 0.23 (0.07)

Cycle ergometer pulmonary VO2peak 
(mL/kg/minute)

29.5 (7.7) 27.5 (7.1) n/a 25.1 (6.7)a 26.8 (7.0)

Cycle ergometer pulmonary VO2peak 
(L/minute)

2.13 (0.41) 1.97 (0.49) n/a 1.82 (0.47)a 1.94 (0.44)

Leg press 1-repetition maximum (kg) n/a 86.2 (38.4) n/a 77.7 (30.9)a 86.0 (29.3)

aDifferent from pre-chemotherapy (P ≤ .05).
bDifferent from mid-chemotherapy (P ≤ .05).
n/a = not collected.

Figure 2. Relative changes in thigh muscle and fat across chemotherapy treatment error bars are 95% confidence intervals.
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of breast cancer treatment were likely primarily responsible 
for the noted changes over time.15 While receipt of a known 
cardiotoxic agent was a key component of our inclusion crite-
ria, the noted changes could also be associated with the other 
chemotherapeutic agents and supportive therapies (eg, dexa-
methasone, granulocyte colony stimulating factor) received 
concurrently. The associations between changes in myoste-
atosis, lower leg muscle metabolism and O2 consumption 
with changes in physical performance measures during che-
motherapy suggest that skeletal muscle toxicity has important 
functional consequences for patients. Further, our findings of 
skeletal muscle metabolic perturbations have implications as 
potential underlying mechanisms of patient-reported symp-
toms such as fatigue and reduced exercise capacity and 
deserve further study.

The well-known hemoglobin suppression effects of che-
motherapy resulted in an −16% average decline by mid-che-
motherapy, triggering several compensatory responses. At 
mid-chemotherapy relative to pre-chemotherapy, lower leg 
blood flow significantly increased by +37%, resulting in 
a +15% non-significant excess lower leg O2 delivery and a 
+12% non-significant increase in lower leg O2 consumption. 
Increased blood flow would be expected to reduce transit 
time in the capillaries and hence O2 extraction, which could 
perhaps explain the non-significant −2.4% decrease in lower 
leg O2 extraction, yet this small change should be interpreted 
cautiously. However, by end-chemotherapy, the adaptive 
mechanisms to perform the same plantarflexion workload 
with a sustained reduction in hemoglobin changed. Between 
mid- and end-chemotherapy, lower leg O2 extraction increased 
(+28%) and lower leg O2 delivery slightly decreased (−3%), 
suggesting that muscle O2 diffusive conductance (ie, trans-
port of O2 from microvasculature to muscle mitochondria) 
also increased during this time.16 These significant changes 
resulted in a concomitant significant increase in O2 consump-
tion (34% and 21% relative to pre- and mid-chemotherapy), 
but reduced exercise efficiency (ie, higher O2 consumption 
relative to workload, -16% relative to pre-chemotherapy). To 
our knowledge, this is the first study to suggest that changes 
in both convective O2 delivery and diffusive O2 transport 
throughout chemotherapy are important adaptive mecha-
nisms to maintain or increase small muscle mass exercise O2 
consumption and performance.

The lack of association between change in pulmonary 
VO2peak measured during cycling and lower leg muscle 
metabolism or O2 consumption during plantarflexion high-
lights an important distinction between compensatory pat-
terns with relatively small muscle mass exercise (eg, lower leg 
plantarflexion) and large muscle mass exercise (eg, cycling, 
leg press). Similar to previous reports,17,18 we found that 
pulmonary VO2peak and leg press strength significantly 
decreased with receipt of chemotherapy, yet we found that 
plantarflexion power output was maintained. The hyper-
emic compensation for the chemotherapy-induced reduction 
in arterial O2 content that occurred with small muscle mass 
lower leg exercise would not be as substantial with large 
muscle mass exercise where the heart and vasculature play 
an important role in augmenting blood flow (ie, cardiac out-
put). In fact, Howden et al showed that concurrent to a reduc-
tion in hemoglobin, exercise cardiac output was also reduced 
with cardiotoxic treatment,19 which would limit the reserve 
capacity for global blood flow to perform activities requiring 
large muscle mass such as running or cycling. Reduced global 

blood flow combined with reduced O2 carrying capacity of 
the blood would result in reduced O2 delivery and contribute 
to commonly observed reduction pulmonary VO2peak during 
chemotherapy. Our new data illustrates that physical activ-
ity types and intensities requiring lower amounts of muscle 
mass/O2 consumption may be a more tolerable alternative 
for patients experiencing chemotherapy-related hemoglobin 
suppression.19

Our 31P spectroscopy analysis provides further insight into 
chemotherapy-related adaptations in exercise metabolism. 
Pi:PCr at rest, 40% and 80% intensity workloads increased 
with chemotherapy, but without significant changes to the 
PCr recovery time constant. Increased Pi:PCr for the same 
workload reflects greater ADP accumulation which triggers 
greater PCr breakdown in compensation for inadequate ATP 
production. When compared over time for the same work-
load, increased Pi:PCr represents an uncoupling of mitochon-
drial ATP production and the stimulus of ADP accumulation 
to drive muscle metabolism.11 This uncoupling is further 
reflected by our finding of reduced exercise efficiency (watts/
O2 consumed). Together these findings suggest a state of 
metabolic stress, which may relate to cancer-related fatigue, 
impairments in capacity to perform activities of daily living 
or exercise during and after chemotherapy.

Our finding of no change to the PCr recovery time constant 
offers insight into potential mechanisms of skeletal muscle 
metabolic perturbations. The PCr recovery time constant is a 
validated measure of general mitochondrial oxidative capac-
ity but does not offer information about the types or patterns 
of substrates used by the mitochondrial respiratory chain.20 In 
animal models, chemotherapy downregulates the expression 
of genes regulating lipogenesis and proteins involved in fatty 
acid β-oxidation.21 Similar results of elevated exercise Pi:PCr 
but normal PCr recovery were reported among patients with 
a defect in the fatty acid oxidation pathway.22 It is possible 
that chemotherapy reduced fat oxidative capacity that was 
not detected by our postexercise PCr recovery analysis. The 
amount of ATP generated per unit of O2 consumption is 15% 
lower when oxidizing carbohydrate compared with fat.23 
Thus, a chemotherapy-induced reduction in fat oxidation 
(and thus ATP production per unit O2) is in line with our 
finding of increased lower leg muscle exercise Pi:PCr and O2 
consumption. Notably, at rest and low-intensity (40%) exer-
cise, where fatty acid oxidation is the primary fuel source,24 
Pi:PCr remained elevated until 1 year, suggesting persistent 
impairment in fat oxidative metabolism. Evans et al also 
found evidence of impaired whole-body utilization of fat as 
an exercise substrate post-chemotherapy among breast cancer 
survivors.25 Survivors had an elevated respiratory exchange 
ratio (preferential carbohydrate fuel use) during moderate-in-
tensity cycling exercise compared with non-cancer controls.25

Our study results and prior research provide further evi-
dence for upstream mechanisms and downstream effects 
of chemotherapy-related suppression of fat oxidation. A 
downstream effect of suppression of fatty acid oxidation is 
increased lipid storage in muscle,26 which predisposes indi-
viduals to weight gain,27 another common and persistent side 
effect of chemotherapy for breast cancer.28 To our knowledge, 
we are the first to report that thigh myosteatosis significantly 
increased within the first half of chemotherapy (~9 weeks) 
and stayed consistently elevated to 1 year. Several upstream 
effects of chemotherapy could be responsible. The excess 
lipid content in muscle cells that precedes intermuscular fat 
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deposition is related to an imbalance between the rate of fatty 
acid uptake by the cells and the rate of mitochondrial fat oxi-
dation,29 which can be suppressed by excess insulin levels.30 
Dieli-Conwright et al recently reported that chemotherapy 
treatment resulted in an average 73% increase in fasting insu-
lin and an 108% increase in insulin resistance among patients 
with early-stage breast cancer.31 Mitochondrial dysfunction 
is also linked to ectopic lipid accumulation and insulin resis-
tance in skeletal muscle among aging populations.32,33 The 
anthracycline-related decrease in citrate synthase reported 
by Mijwel et al,5 suggests reduced mitochondrial activity and 
dysfunction. In addition to its known association with insu-
lin resistance, our prior cross-sectional work suggested that 
myosteatosis may impede O2 extraction within that muscle 
during exercise. The current study’s longitudinal findings 
support this as there was a significant association between 
an increase in myosteatosis and reduced O2 consump-
tion and extraction in the lower leg within the first half of 
chemotherapy.

Future Directions and Limitations
Future studies are needed to confirm these changes in skeletal 
muscle mitochondrial fatty acid oxidation during chemother-
apy via myocyte biopsy in humans. Another potential area of 
future research to address these findings may include use of 
nutritional strategies shown to increase fat oxidation,34 such 
as intermittent fasting, performing exercise fasted, ingestion 
of fat prior to exercise, or following a high-fat (≥60% of cal-
ories from fat) low-carbohydrate diet during chemotherapy 
treatment.

A limitation of this study is small sample size that limited 
our ability to evaluate the effect of a multi-disciplinary team 
care intervention from the parent study. However, all analyses 
were adjusted for the influence of group assignment. Likewise, 
this sub-study was not powered to detect small potential dif-
ferences between treatment protocols.

Conclusion
This study demonstrated that anthracycline or trastuzum-
ab-containing chemotherapy results in skeletal muscle energy 
metabolism and O2 extraction/utilization perturbations in 
response to chemotherapy-related reduced hemoglobin. 
Blood flow and O2 extraction increase to maintain O2 deliv-
ery and consumption and power output during small mus-
cle mass exercise, but cannot fully compensate for exercise 
utilizing large muscle mass, as evidenced by reductions in 
pulmonary VO2peak and leg press 1-RM with chemotherapy. 
Together, our findings of increased thigh myosteatosis, lower 
leg muscle resting and exercise Pi:PCr, and reduced plantar-
flexion exercise efficiency suggest chemotherapy-related sup-
pression of fat oxidation rate. Future research is needed to 
identify potential defects in the fat oxidation pathway and to 
test nutritional and exercise strategies to upregulate fat oxida-
tion during chemotherapy for breast cancer.
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