
1

Vol.:(0123456789)

Scientific Reports |         (2023) 13:2112  | https://doi.org/10.1038/s41598-023-28320-w

www.nature.com/scientificreports

Reduced cardiovascular reserve 
capacity in long‑term allogeneic 
stem cell transplant survivors
Hayley T. Dillon 1,2, Stephen Foulkes 1,2,3, Yuki A. Horne‑Okano 1, David Kliman 4, 
David W. Dunstan 1,2, Robin M. Daly 2, Steve F. Fraser 2, Sharon Avery 4, 
Bronwyn A. Kingwell 1,5, Andre La Gerche 1,3,6 & Erin J. Howden 1,3*

Premature cardiovascular mortality is increased in long-term allogeneic stem cell transplant (allo-
SCT) survivors, but little information exists regarding subclinical cardiovascular dysfunction in this 
population. We compared peak oxygen uptake ( V̇O2peak), a prognostic cardiovascular marker, and 
its determinants between long-term allo-SCT survivors and non-cancer controls. Fourteen allo-
SCT survivors (mean ± SD, 44 ± 15 years, 50% male, median time since allo-SCT: 6.5 years [range 
2–20]) and 14 age- and sex-matched controls (46 ± 13 years, 50% male) underwent cardiopulmonary 
exercise testing to quantify V̇O2peak. Resting echocardiography (left-ventricular ejection fraction and 
strain), exercise cardiac MRI (peak cardiac and stroke volume index [CIpeak, SVIpeak]), biochemistry 
(hemoglobin, troponin-I, B-natriuretic peptide), dual-energy x-ray absorptiometry (lean [LM] 
and fat [FM] mass, percent body fat [%BF]) and Fick-principal calculation (arteriovenous oxygen 
difference) were also performed. Survivors exhibited impaired V̇O2peak as compared with controls 
(25.9 ± 5.1 vs. 33.7 ± 6.5 ml kg−1 min−1, p = 0.002), which coincided with reduced CIpeak (6.6 ± 0.8 vs. 
8.6 ± 1.9 L min−1 m−2; p = 0.001) secondary to reduced SVIpeak (48 ± 4 vs. 61 ± 8 ml m−2; p < 0.001) rather 
than chronotropic impairment, and higher %BF (difference, 7.9%, p = 0.007) due to greater FM (5.8 kg; 
p = 0.069) and lower LM (4.3 kg, p = 0.25). All other measures were similar between groups. Despite 
comparable resting cardiac function and biomarker profiles, survivors exhibited reduced V̇O2peak and 
exercise cardiac function and increased %BF relative to controls. These results highlight potential 
therapeutic avenues and the utility of exercise-based cardiovascular assessment in unmasking 
cardiovascular dysfunction in allo-SCT survivors.

Allogeneic stem cell transplantation (allo-SCT) is a treatment for several high-risk and recurrent hematologi-
cal malignancies. Advances in transplant strategies and supportive care have improved cancer-specific survival 
rates1,2. Despite this, cure of the underlying malignancy does not guarantee complete restoration of health. 
Indeed, consequent to the compounding effects of therapeutic exposures, treatment complications, and unfa-
vourable lifestyle changes in the pre-, peri- and post-transplant period, allo-SCT survivors are 5.7-times more 
likely than their age- and sex-matched non-cancer counterparts to develop a severe or life-threatening condition3.

Cardiovascular disease (CVD) is a leading cause of morbidity and mortality in long-term allo-SCT survivors 
and, as such, has become a key therapeutic focus to optimise the balance between acute cancer management and 
long-term health4,5. Compared to the general population, allo-SCT survivors have an increased risk of CVD6–9, 
serious cardiovascular events7,8,10, and ultimately, premature cardiovascular death8,11. Of concern, the long latent 
period preceding clinically overt CVD suggests the cardiovascular burden among long-term allo-SCT survivors 
may be underestimated12. On the other hand, this highlights an important window of opportunity to detect and 
address dysfunction at a subclinical stage of disease when targeted interventions may be efficacious. We have 
recently documented subclinical impairments in cardiac function and skeletal muscle oxygenation as early as 
3 months following allo-SCT13. However, there is little information regarding subclinical cardiovascular dys-
function among long-term survivors, and so it is unclear whether these immediate impairments are transient 
or sustained. To better inform therapeutic approaches throughout the survivorship continuum, it is imperative 
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to thoroughly characterise the cardiovascular health of long-term allo-SCT survivors using sensitive assessment 
tools capable of unmasking subclinical cardiovascular dysfunction.

Cardiovascular reserve capacity (assessed using cardiopulmonary exercise testing [CPET] and quantified as 
peak oxygen uptake [ V̇O2peak]) provides an integrated measure of cardiac, pulmonary, vascular, hematologic, 
and skeletal muscle function14. Each of these components of the oxygen transport and utilisation pathway are at 
risk of dysfunction among recipients of allo-SCT15. In addition, V̇O2peak is an established prognostic marker for 
CVD and may be a more sensitive marker of cardiovascular impairment than traditional single organ resting 
measures in patients undergoing treatment for cancer16–20. Therefore, assessment of V̇O2peak and the key organ 
systems underpinning V̇O2peak may provide clinically valuable insight into the etiology of cardiovascular dys-
function among long-term allo-SCT survivors, and aid in the earlier identification and protection of patients at 
high risk of developing CVD.

Despite its prognostic importance and utility as an early diagnostic measure, V̇O2peak and its central and 
peripheral determinants have not been completely characterised in long-term allo-SCT survivors. In the 
two studies that have sought to characterise V̇̇O2peak in allo-SCT survivors, significant impairment has been 
observed21,22. However, in this population, investigations into the key organ systems underpinning impaired V̇
O2peak (1) produced conflicting results, and (2) were limited to standard-of-care resting measures of cardiac (i.e., 
echocardiography) and pulmonary (e.g., spirometry) function which are likely to miss subtle impairments that, 
in the case of the heart, could be unmasked during exercise (i.e., exercise cardiovascular magnetic resonance 
imaging [ExCMR])13,20,23,24. Further, the potential contribution of vascular, skeletal muscle and body composition 
metrics to poor V̇O2peak is yet to be elucidated among long-term allo-SCT survivors. Therefore, to address these 
gaps in knowledge, this matched case–control cross-sectional study aimed to compare V̇O2peak, and its cardiac, 
hematological, vascular, and skeletal muscle determinants (using sensitive exercise-based measures) among long-
term allo-SCT survivors and an age- and sex-matched non-cancer control group. A secondary aim was to assess 
whether central factors (cardiac function) or peripheral factors (oxygen carrying capacity, peripheral oxygen 
extraction, skeletal muscle mass) were associated with V̇O2peak in long-term allo-SCT survivors.

Methodology
Population and design.  This is a matched case–control cross-sectional study that included 14 long-term 
adult survivors of allo-SCT and 14 age- and sex-matched non-cancer controls. The long-term allo-SCT survivor 
cohort were recruited from the Alfred Hospital Hematology Department’s Late Effects Clinic and the Royal Mel-
bourne Hospital, and comprised individuals who received allo-SCT for hematological malignancy and had sur-
vived ≥ 2 years. Age- (± 2 years) and sex-matched controls were recruited from the community through adver-
tisements seeking ostensibly healthy untrained adults. Participants were excluded if they were aged < 18 years, 
unable to speak or understand English, had known contraindications to CMR, or were unable to perform cycling 
exercise. With the interest of discerning how the cardiovascular impairment experienced by allo-SCT survivors 
compares with ‘normal cardiovascular aging’, additional exclusion criteria were employed for the control group 
to minimise confounders. These included body mass index ≥ 35 kg m−2, significant known medical conditions 
(e.g., known structural heart disease including symptomatic ischemic heart disease, significant valvular disease 
or inherited cardiomyopathies), and exceeding current physical activity guidelines of ≥ 150-min of moderate 
intensity or ≥ 75-min of vigorous intensity aerobic physical activity (assessed via verbal self-report)25.

Experimental measurements.  All participants underwent a physiological testing at the Baker Heart and 
Diabetes Institute clinical research facility in Melbourne, Victoria, Australia. Testing was conducted over two 
visits, within one week. Participants were asked to refrain from moderate-to-vigorous intensity physical activity 
(exercise) in the 24-h preceding testing and alcohol and caffeine on the day of testing.

Medical History. For the survivor cohort, clinical information including underlying cancer diagnosis, pre-
vious cancer treatment, allo-SCT (donor relation, graft source, conditioning intensity/regimen, graft-versus-
host-disease [GvHD] status, time since transplantation), current medications, traditional cardiovascular risk 
profile (e.g., diabetes, overweight/obesity, hypertension, hyperlipidemia) and history of overt CVD and related 
events (e.g., heart failure, coronary heart disease, peripheral artery disease, myocardial infarction, stroke) were 
obtained from hospital records at the time of study visit (median of 6.5 years post allo-SCT). Documented CVD 
and related events were stratified according to time of development/occurrence (e.g., pre-SCT or post-SCT). A 
general lifestyle questionnaire was administered to the age- and sex-matched non-cancer control group to obtain 
information relating to current health status (including cardiovascular risk profile), relevant medical history, 
and use of cardiovascular medications.

Cardiopulmonary Fitness. A ramp protocol CPET was conducted on an electronically-braked cycle ergom-
eter (Lode Excalibur Sport, Groningen, the Netherlands) with breath-by-breath expired gas analysis (Jaeger™ 
Vyntus™ CPX, Vyaire Medical, Mettawa, IL, USA) and continuous heart rate monitoring (Vyntus™ ECG 12-lead 
PC-ECG, Vyaire Medical, Mettawa, IL, USA) and pulse oximetry (Nonin Medical, Inc, Plymouth, MN) to 
quantify V̇̇O2peak, as well as peak heart rate (HR), oxygen pulse and arterial oxygen saturation. Brachial blood 
pressure was measured at 2-min intervals using an automated ECG-gated cuff (Tango M2 Stress Test Monitor 
and Orbit-K Blood Pressure Cuff, Suntech Medical Inc. Morrisville, NC, USA). Cycling commenced at 10–30 
Watts for 1-min and increased by 10–30 Watts min−1 until volitional fatigue. Tests were deemed a peak effort if 
participants reached volitional fatigue and met at least one of the following: respiratory exchange ratio ≥ 1.10 or 
peak heart rate (HR) > 85% age predicted. V̇O2peak was defined as the average of the six consecutive highest 5-s 
VO2 values. Age-, sex-, bodyweight-, and height- predicted V̇O2peak was calculated using the FRIEND equation26.
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Resting Cardiac Function. Resting cardiac function (left-ventricular ejection fraction [LVEF], and global 
longitudinal strain [GLS]) was evaluated via echocardiogram (Vivid E95, GE Vingmed, Horten, Norway) as 
previously described13, with images saved in a digital format for offline analysis (Echopac v13.0.00, GE, Norway).

Cardiac Reserve and Peak Cardiac Function. The biventricular response to exercise was evaluated using a vali-
dated real-time ExCMR protocol reported previously27. Briefly, images were acquired in the short and horizontal 
long-axis planes using a Siemens MAGNETOM Prisma 3.0T CMR with five-element phased array coil. Ungated, 
real-time steady-state free-precession cine imaging was performed at rest and during exercise using a supine 
cycle ergometer (MR Ergometer Pedal, Lode, Groningen, the Netherlands) at 60% of the power output achieved 
during the upright CPET as this was previously determined to approximate maximal supine exercise capacity27,28.

Images were analysed offline in RightVol (KUL, Leuven, Belgium) as previously described27. Stroke vol-
ume index (SVI) was calculated as end-diastolic volume minus end-systolic volume, indexed to body sur-
face area, while cardiac index (CI) was calculated as the average of right- and left-ventricular stroke volume 
(RVSV + LVSV/2) multiplied by HR, indexed to body surface area. Left- and right-ventricular ejection fractions 
(LVEF, RVEF) were calculated as (SV/end-diastolic volume) multiplied by 100. Cardiac reserve was defined as 
the ability to augment CI from rest to peak exercise (peak CI minus resting CI). Arteriovenous oxygen difference 
(a-vO2 difference) was estimated via the Fick equation using CPET-derived V̇O2peak (L min−1) and estimated 
upright COpeak (ExCMR-derived supine SVpeak multiplied by  CPET-derived upright HRpeak). Left and right end-
diastolic and systolic volume reserve indexes (LVEDVI, RVEDVI, LVESVI, and RVESVI reserve, respectively) 
were calculated by subtracting resting EDV or ESV values from peak values, indexed to body surface area.

Biochemistry. Resting morning fasting blood samples were collected to measure hemoglobin, glucose and 
lipid profile, as well as the cardiac biomarkers, Troponin-I (cTn-I) and B-natriuretic peptide (BNP). All samples 
were analysed at the Alfred Health NATA-accredited pathology laboratory.

Anthropometry and Body Composition. Height (m) and body mass (kg) were measured via a fixed stadiometer 
(SECA, Hamburg, Germany) and portable scales (Coverall Medical Technologies, Victoria, Australia), respec-
tively, and used to calculate body mass index and body surface area (DuBois Method). Total body lean mass 
(LM, kg), fat mass (FM, kg) and percent body fat (%BF) were quantified via dual-energy X-ray absorptiometry 
(GE Lunar iDXA, GE Healthcare, Little Chalfont, UK), and analysed using enCore software (version 14.10.022).

Blood Pressure. After 10-min of supine rest in a quiet room, brachial blood pressure and HR were measured 
using an automated oscillometric blood pressure monitor (OMRON HEM-907, OMRON Corporation, Tokyo, 
Japan). Blood pressure was defined as the average of three measurements made ≥ 3-min apart.

Definitions. ‘Cardiotoxicity’ was assessed using four different criteria. Echocardiographic criteria included 
LVEF < 50% and GLS >< −16% as per the European Society of Cardiology Position Statement of cancer treatment 
and cardiovascular toxicity29, and biochemical cut-points, specifically, BNP > 100 ng L−1 and cTn-I > 15 ng L−1, 
which represented the upper limit for our centre. Achievement of ≥ 1 of the above criteria signified cardiotoxicity. 
‘Cardiac determinants’ of V̇O2peak comprise cardiac biomarkers (cTn-I, BNP); echocardiography-derived indices 
(resting LVEF, GLS, HR); and CMR-derived indices (rest and exercise CI, SVI, HR, LVEF, RVEF). ‘Non-cardiac’ 
determinants of V̇O2peak comprise hemoglobin concentration (hematological); resting blood pressure (vascular); 
CPET- and CMR-derived a-vO2 difference and DXA-derived indices (LM, FM, %BF) (skeletal muscle/body 
composition).

Statistical analysis.  Data were analysed using SPSS software (version 24.0, Statistical Package for the Social 
Sciences, IBM, Chicago, USA). The distribution of continuous variables was assessed using the Kolmogorov–
Smirnov test. Continuous data are presented as mean ± standard deviation (SD), if normally distributed, or as 
median (interquartile range) for non-normally distributed variables. Categorical variables are presented as num-
ber (%). Differences in cardiovascular outcome measures were compared using an unpaired t-test or Mann–
Whitney U test for continuous variables, and Fisher’s exact tests for dichotomous variables. Differences in the 
ExCMR cardiac response to exercise was assessed using repeated measures ANOVA, with Bonferroni correction 
for post-hoc analysis. Correlation analysis (Pearson’s for normally distributed variables or Spearman’s for non-
normally distributed variables) were used to test for associations between organ-specific indices and V̇O2peak. A 
two-tailed P < 0.05 was considered statistically significant.

Ethics approval.  The study was approved by the Alfred Hospital Ethics Committee and conformed to the 
ethical standards set by the Helsinki Declaration.

Consent to participate.  Informed consent was obtained from all participants included in the study.

Results
Participant demographic, anthropometric and traditional cardiovascular risk characteris‑
tics.  As shown in Table 1, the 14 long-term allo-SCT survivors and 14 non-cancer controls recruited to par-
ticipate were matched for age and sex, and there were no significant differences in anthropometric variables. 
Seventy-nine percent of survivors had ≥ 1 traditional cardiovascular risk factor, compared to 43% of controls 
(p = 0.12) and a higher proportion of survivors tended to be treated for hypertension (29% vs 0%, p = 0.097). Two 
survivors had developed overt CVD and/or suffered a serious cardiovascular event after allo-SCT (heart failure, 
n = 1; symptomatic coronary artery disease and myocardial infarction, n = 1) (p = 0.48 compared to control).

Prior cancer treatment and transplant related information for Allo‑SCT survivors.  Acute 
lymphoblastic leukaemia was the most common transplant indication (43%) and 93% of survivors had received 
anti-cancer therapy prior to receiving their allo-SCT (Table 2). Median time since transplantation was 6.5 years 
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(range 2–20 years) and the most common donor type, graft source, conditioning intensity, conditioning regimen 
and GvHD prophylaxis were unrelated to donor, peripheral blood stem cells, myeloablative, cyclophosphamide/
TBI (total body irradiation) and methotrexate/ciclosporin, respectively. Overall, 57% of survivors had a history 
of GvHD, affecting the gastrointestinal tract (n = 7, 50%), skin (n = 5, 36%), liver (n = 4, 29%), and/or lungs (n = 1, 
7%).

Integrative cardiovascular reserve capacity: cardiopulmonary exercise testing parame‑
ters.  All participants reached criterion to indicate a peak exercise response to CPET. Differences in cardio-
pulmonary fitness parameters between survivors and matched non-cancer controls are summarised in Fig. 1 
and Table 3. Survivors achieved a 23% lower absolute (p = 0.027) and bodyweight-indexed V̇O2peak (p = 0.002) 
than controls. In the context of predicted V̇O2peak, this equated to 76% of predicted among survivors and 100% 
of predicted for the control group (p < 0.001). Survivors also achieved a lower peak power output (p = 0.016) and 
oxygen pulse (p = 0.019), and a trend toward lower SBPpeak (p = 0.069) compared with controls, but no group dif-
ferences were observed for DBPpeak (Table 3). Arterial blood oxygen saturation was preserved in all participants 
during CPET.

Cardiac determinants of VO2peak.  Resting cardiac function and biomarker profile.  Results relating to 
resting cardiac function and biomarker profile are summarised in Table 4. There were no significant differences in 
echocardiography-derived LVEF or GLS nor blood-based markers of cardiac stress or injury between survivors 
and controls. The proportion of controls versus survivors with reduced LVEF (0% vs. 14%) or GLS (0% vs. 7%), 
or elevated cTn-I (13% vs. 7%) or BNP (0% vs. 7%) was similar (all P > 0.05; n = 2 allo-SCT met cardiotoxicity 
criteria and n = 2 control participants displayed similar characteristics). Regarding resting CMR-derived meas-
ures (Fig. 2A–E), resting RVEF and HR were similar between groups (p = 0.62 and p = 0.39, respectively), but 
resting LVEF and SVI were significantly lower in survivors (53 ± 4 vs 57 ± 2%, p = 0.005; 44 ± 5 vs 52 ± 9 ml m−2, 
p = 0.004) and there was a trend toward lower resting CI in survivors (3.1 ± 0.5 vs 3.5 ± 0.7 L min−1 m−2, p = 0.06).

Cardiac reserve.  Results relating to the biventricular hemodynamic and ejection fraction response to supine 
cycling exercise are shown in Table 4 and Fig. 2A–E. Survivors had a blunted increase in CI from rest to peak 
exercise (interaction, p = 0.003), such that CIpeak was 23% lower than controls (6.6 ± 0.8 vs 8.6 ± 1.9 L min−1 m−2; 
p = 0.001). This difference was due to between group differences in SVI augmentation (interaction, p = 0.013) 
given that the HR response was similar (p = 0.38). SVIpeak was 21% lower in survivors than controls (48 ± 4 vs 
61 ± 8 ml m−2; p < 0.001), which was predominantly due to a blunted LVEDVI reserve (p = 0.006), as RVEDVI 
and biventricular ESVI reserve were not different between groups. LVEF and RVEF augmented similarly in 
response to exercise in survivors and controls (interactions, p = 0.76 and p = 0.58, respectively), but LVEF was 
lower in survivors at rest (53 ± 4 vs 57 ± 2%, p = 0.005) and peak exercise (60 ± 5 vs 64 ± 3%, p = 0.021).

Non‑cardiac determinants of V̇O2peak and blood‑based metabolic risk profile.  Differences in 
non-cardiac contributors to V̇O2peak and blood-based metabolic risk profile between survivors and controls are 

Table 1.   Demographic, anthropometric, and traditional cardiovascular risk characteristics of Allo-SCT 
survivors and Controls. Data are mean ± SD or n (%); Abbreviations: ACE-I, angiotensin-converting-enzyme 
inhibitors; ARB angiotensin II receptor blockers; CVD cardiovascular disease.

Allo-SCT survivors Controls P

Age, years 44 ± 15 46 ± 13 0.75

Male sex, n (%) 7 (50) 7 (50)  > 0.99

Height, m 1.72 ± 0.95 1.73 ± 0.82 0.65

Weight, kg 72.3 ± 14.8 72.2 ± 15.4 0.99

Body mass index, kg.m-2 24.4 ± 3.9 23.9 ± 3.6 0.71

Body surface area, m-2 1.85 ± 0.23 1.85 ± 0.24 0.97

Cardiovascular risk profile, n (%)

Overweight 8 (57) 6 (43) 0.71

Hypertension 4 (29) 0 (0) 0.097

Hyperlipidaemia 1 (7) 0 (0) > 0.99

Diabetic 1 (7) 0 (0) > 0.99

History of CVD Event 2 (14) 0 (0) 0.48

≥ 1 risk factor 11 (79) 6 (43) 0.12

Cardiovascular medication, n (%)

Statin 1 (7) 0 (0) > 0.99

ACE-I/ARB 3 (21) 0 (0) 0.22

Beta-blocker 1 (7) 0 (0) > 0.99

Vasodilator 1 (7) 0 (0) > 0.99
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summarised in Table 5. Despite similar bodyweight and body mass index, FM was on average 5.8 kg higher 
(p = 0.069) and LM 4.3 kg lower (p = 0.25) in survivors compared to controls, resulting in a significantly greater 
total %BF in allo-SCT (mean difference, 7.9%, p = 0.007). No group differences were observed for hemoglobin, 
blood pressure, peak a-vO2 difference or blood-based metabolic risk profile.

Associations between V̇O2peak and central and peripheral organ function in long‑term allo‑SCT 
survivors.  Among long-term allo-SCT survivors, V̇O2peak (L min−1) was strongly (positively) associated with 
measures of exercise cardiac function (COpeak: r = 0.91, R2 = 0.83, p < 0.001; SVpeak: r = 0.77, R2 = 0.60, p = 0.001), 
LM (r = 0.65, R2 = 0.42, p = 0.012), hemoglobin (r = 0.61, R2 = 0.38, p = 0.020) and peak a-vO2 difference (r = 0.78, 
R2 = 0.61, p = 0.001) (see supplementary Fig.  1 for correlation plots). There were no significant associations 
between V̇O2peak and FM (r = 0.22, R2 = 0.05, p = 0.45), %BF (r =  − 0.29, R2 = 0.09, p = 0.31), resting SBP (r =  − 0.10, 
R2 = 0.01, p = 0.74), resting DBP (r = 0.10, R2 = 0.01, p = 0.72), LVEF (r = 0.16, R2 = 0.03, p = 0.58), GLS (Spearman 
r =  − 0.04, p = 0.89), resting HR (r =  − 0.2, R2 = 0.04, p = 0.48), HRpeak (r = 0.26, R2 = 0.07, p = 0.36), cTn-I (Spear-
man r = 0.19, p = 0.54) or BNP (Spearman r = 0.20, p = 0.49).

Table 2.   Prior cancer treatment and transplant related information for Allo-SCT survivors. Data are n (%), 
mean ± SD, or median (range). Abbreviations: GvHD graft-vs-host disease; TBI total body irradiation

N = 14

Time since transplantation, years 6.5 (2—20)

Hematological malignancy, n (%)

Acute lymphoblastic leukaemia 6 (43)

Acute myeloid leukaemia 3 (21)

Non-Hodgkin lymphoma 2 (14)

Chronic lymphocytic leukaemia 1 (7)

Chronic myeloid leukaemia 1 (7)

Multiple myeloma 1 (7)

Pre-transplant anti-cancer treatment, n (%)

No prior treatment 1 (7)

Chemotherapy 12 (86)

Immunotherapy 6 (43)

Targeted therapy 3 (21)

Autologous SCT 1 (7)

Transplant donor, n (%)

Unrelated 8 (57)

Related 6 (43)

Transplant graft source, n (%)

Peripheral blood 9 (64)

Bone marrow 5 (36)

Transplant conditioning intensity, n (%)

Myeloablative 11 (79)

Reduced intensity 3 (21)

Transplant conditioning regimen, n (%)

Cyclophosphamide/TBI 10 (71)

Fludarabine/Melphalan 1 (7)

Fludarabine/Melphalan/Campath 1 (7)

Fludarabine 1 (7)

Busulfan/Cyclophosphamide 1 (7)

GvHD prophylaxis, n (%)

Methotrexate/ciclosporin 11 (79)

Post-transplant  Cyclophosphamide/ciclosporin 1 (7)

Ciclosporin/mycophenolate 1 (7)

Ciclosporin 1 (7)

 History of GvHD, n (%)

No 6 (43)

Yes 8 (57)

Length of hospital stay, days 25 ± 4
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Figure 1.   (A)–(C) Bodyweight-indexed (A), absolute (B) and percent-predicted V̇O2peak (C) values for 
long-term Allo-SCT survivors and age- and sex-matched controls. Bodyweight-indexed, absolute and percent 
predicted V̇O2peak were significantly lower in long-term allo-SCT survivors as compared with controls (p = 0.002, 
p = 0.027 and p < 0.001). Values are presented as mean ± SD and individual data points.

Table 3.   Comparison of peak cardiopulmonary exercise testing parameters between Allo-SCT survivors and 
Controls. Data are mean ± SD; Abbreviations: DBPpeak diastolic blood pressure, HRpeak peak heart rate, RERpeak 
peak respiratory exchange ratio, SBPpeak systolic blood pressure, V̇O2peak peak oxygen uptake.

Allo-SCT Survivors Controls P

V̇̇O2peak, ml kg-1 min−1 25.9 ± 5.1 33.7 ± 6.5 0.002

V̇̇O2peak, L min-1 1.88 ± 0.54 2.44 ± 0.71 0.027

V̇̇O2peak, % predicted 76 ± 14 100 ± 18 < 0.001

Peak power output, watts 176 ± 64 239 ± 66 0.016

HRpeak, beats min−1 178 ± 15 176 ± 14 0.74

HRpeak, % predicted 100 ± 6 100 ± 4 0.85

RERpeak 1.34 ± 0.11 1.35 ± 0.14 0.82

Peak oxygen pulse, mL beat−1 10.9 ± 2.8 14.1 ± 3.8 0.019

SBPpeak, mmHg 170 ± 30 190 ± 25 0.069

DBPpeak, mmHg 88 ± 13 84 ± 10 0.39

Table 4.   Comparison of resting cardiac function, biomarker profile, and biventricular diastolic and systolic 
reserve between Allo-SCT survivors and Controls. Data are mean ± SD or median (IQR); Abbreviations: 
BNP B-natriuretic peptide, cTn-I cardiac troponin-I, GLS global longitudinal strain, ExCMR exercise cardiac 
magnetic resonance imaging, HR heart rate, LVEDVI left-ventricular end-diastolic volume index, LVEF left-
ventricular ejection fraction, LVESVI left-ventricular end-systolic volume index, RVEDVI right-ventricular 
end-diastolic volume index, RVESVI right-ventricular end-systolic volume index. a analysed using Mann–
Whitney U test.

Allo-SCT survivors Controls P

Cardiac biomarkers

cTn-I, ng L−1 2 (1 − 4) 2 (2 − 4) 0.52a

BNP, ng L−1 22 (15 − 37) 19 (14 − 36) 0.80a

Resting echocardiography

LVEF, % 56 ± 6 59 ± 5 0.16

GLS, % − 19 (− 18 − − 20) − 20 (− 18 − − 21) 0.13a

HR, beats min−1 68 ± 8 63 ± 10 0.16

ExCMR

LVEDVI reserve, mL m−2 − 1 ± 4 3 ± 3 0.006

RVEDVI reserve, mL m−2 − 4 ± 8 − 2 ± 7 0.46

LVESVI reserve, mL m−2 − 6 ± 3 − 5 ± 3 0.47

RVESVI reserve, mL m−2 − 8 ± 5 − 10 ± 5 0.35
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Figure 2.   (A)–(E) Biventricular hemodynamic and ejection fraction response to supine cycling exercise in 
Allo-SCT survivors and Controls. Long-term survivors of Allo-SCT had reduced resting SVI, and a blunted 
augmentation in SVI and CI during exercise compared to controls (Panel A and B, respectively), whilst the 
HR response was similar (Panel C). LVEF and RVEF augmented similarly between groups (Panel D and E, 
respectively), although LVEF was lower at rest and peak exercise in Allo-SCT. Group data (left panels) is 
mean ± SD.
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Discussion
The main finding from this matched case–control cross-sectional study, which is the first study to combine 
integrated measures of functional capacity with measures of cardiac function during exercise in survivors of allo-
SCT, was that cardiovascular reserve was markedly impaired in survivors as measured by V̇O2peak, an integrated 
measure of exercise capacity, or measured specifically as cardiac reserve by ExCMR. On the other hand, despite 
a less favourable body composition and higher prevalence of hypertension among survivors, peripheral muscle 
oxygen extraction at peak exercise (peak a-vO2 difference) was similar between survivors and non-cancer age- 
and sex-matched controls suggesting that reductions in central cardiac delivery of oxygen may be the primary 
explanation for functional impairment in allo-SCT survivors. However, our results do lend support to the pos-
sibility of impairment in diffusive oxygen conductance (peripheral limitation) among survivors given the similar 
peak a-vO2 difference despite lower CIpeak.

In the present study, long-term survivors of allo-SCT achieved a V̇O2peak that was, on average, 23% lower than 
age- and sex-matched controls and 24% below predicted values. This deficit is of clinical significance as cardio-
vascular reserve capacity is finite in nature, and continued pathological perturbations seen with age, inactivity 
or additional cancer therapy culminate in overt cardiovascular dysfunction24. Specifically, data from the general 
population and patients with cancer indicates that with every 3.5 ml kg−1 min−1 decrement in V̇O2peak there is a 
corresponding increased risk of incident heart failure (16–21%), and all-cause (25–26%), cardiovascular- (14%) 
and cancer-related mortality (25%)18,30,31. Therefore, with the 7.8 ml kg−1 min−1 deficit in V̇O2peak observed among 
the survivors in our study it is not unexpected that this population are burdened by markedly elevated rates of 
overt CVD, and premature cardiovascular and all-cause mortality. Our results are consistent with Armenian 
et al.21 who found V̇O2peak to be 22% below predicted values at a median of 9.8 years post-SCT, but intriguingly, 
are in contrast to the degree of V̇O2peak impairment observed among short, and very long-term survivors13,22. 
Indeed, V̇O2peak has been shown to be 49% below predicted among early survivors (~ 3 months post-SCT)13 and 
11% below predicted among very long-term survivors of allo-SCT (median 17 years [range 6–26] post-SCT)22. 
It may therefore be reasonable to speculate that allo-SCT-induced impairments in V̇O2peak ‘recover’ to some 
degree over time. However, this optimistic interpretation may rather be explained by the ‘healthy survivor’ bias 
wherein allo-SCT recipients with particularly poor cardiovascular health (and thus, low V̇O2peak) may have died 
prematurely. Prospective, longitudinal studies with periodic assessment are needed to elucidate this further.

Impairments in V̇O2peak can result from cardiac, pulmonary, vascular, hematologic, or skeletal muscle limita-
tions to oxygen delivery transit and metabolism. Thus, delineating the origin(s) of dysfunction in this cohort 
is important to help inform therapeutic approaches to ameliorate these effects. To date, there has been limited 
study of cardiac function and cardiac reserve in the context of allo-SCT. To address this knowledge gap, we 
employed a combination of conventional and contemporary tools to characterise cardiac function. A key finding 
of our study was that despite marked differences in V̇O2peak, there were no differences in standard-of-care resting 
echocardiographic measures of cardiac function nor sensitive blood-based biomarkers of cardiac stress or injury 
between survivors and controls, which remained, on average, within normal ranges. Furthermore, we found no 
associations between measures of resting cardiac function and V̇O2peak. In contrast, utilising novel, state-of-the-
art ExCMR, we were able to unmask impairments in cardiac function among survivors, evidenced by a blunted 
CI reserve which was secondary to a blunted SVI reserve and not chronotropic impairment. Further, several 
survivors showed minimal augmentation of SVI, or even a decline in SVI during exercise (Fig. 2B, Allo-SCT 
individual exercise responses). These maladaptive myocardial responses to exercise are likely a consequence of 
direct (exposure to cardiotoxic anti-cancer treatments, steroid use) and indirect (physical inactivity, prolonged 
sedentary time) treatment-related insults which can detrimentally alter ventricular systolic and/or diastolic 
function29,32–35. Interestingly, while some survivors exhibited myocardial exercise responses consistent with 
systolic dysfunction (impaired ventricular contractility), it appears diastolic limitations (impaired ventricular 

Table 5.   Comparison of non-cardiac determinants of V̇O2peak, and blood-based metabolic risk profile between 
Allo-SCT survivors and Controls. Data are mean ± SD; Abbreviations: a-vO2 difference arteriovenous oxygen 
difference, DBP diastolic blood pressure, FM fat mass, HbA1c glycated haemoglobin, LM lean mass, SBP 
systolic blood pressure

Allo-SCT survivors Controls P

Non-cardiac determinants

Hemoglobin, g L−1 140.2 ± 12.5 141.8 ± 9.6 0.71

Total LM, kg 44.7 ± 7.9 49.0 ± 10.8 0.25

Total FM, kg 26.1 ± 8.9 20.3 ± 7.3 0.069

Body fat percentage, % 35.7 ± 7.1 27.8 ± 7.1 0.007

SBP, mmHg 127 ± 15 117 ± 15 0.11

DBP, mmHg 76 ± 10 70 ± 7 0.10

a-vO2 difference, mL dL−1 11.7 ± 2.1 12.3 ± 1.5 0.34

Blood-based metabolic risk profile

Total cholesterol, mmol L−1 5.1 ± 0.9 5.1 ± 0.9 0.95

Triglycerides, mmol L−1 1.6 ± 0.7 1.2 ± 0.7 0.12

HbA1c, % 5.4 ± 0.2 5.3 ± 0.4 0.28
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filling) may be the predominant mediator of the blunted SVI reserve among this cohort of long-term survivors—
evidenced by a significantly blunted EDVI reserve (driven by LVEDVI) and similar biventricular ESVI reserve. 
Whether this is reflective of impaired ventricular relaxation and/or an increase in ventricular stiffness is unclear 
and warrants further investigation. Moreover, ExCMR measures of exercise cardiac function were strongly, 
and positively correlated with V̇O2peak, offering a likely explanation for the impairments in V̇O2peak seen in allo-
SCT survivors. These results, indicating impaired cardiac reserve, are consistent with our observations in early 
survivors13 and support the increasingly accepted notion that assessing cardiac function under the hemodynamic 
and metabolic stress of exercise may be more sensitive to ascertaining heart failure risk than conventional resting 
assessment when the metabolic demands are low24. Taken together, we demonstrate that survivors of allo-SCT 
exhibit persistent subclinical myocardial dysfunction that partly explains their V̇O2peak impairment, which we 
speculate explains their higher rates of CVD, increased morbidity, and premature mortality.

Given survivors of allo-SCT are subjected to multiple cardiovascular insults (chemotherapy, radiotherapy, 
targeted therapy, immunotherapy, GvHD) and lifestyle perturbations (deconditioning, malnutrition) through-
out the course of their treatment journey36, we anticipated a multifactorial contribution to V̇O2peak impairment. 
This notion is supported in part by our recent work13 and others37–39 in early allo-SCT survivors demonstrating 
impaired skeletal muscle oxygenation and/or pulmonary function and their positive association with low exer-
cise capacity. Metrics of skeletal muscle oxygenation have not been previously characterised in the longer-term 
survivor, but Myrdal et al.22 similarly reported a 44% prevalence of impaired pulmonary diffusion capacity among 
very long-term survivors which was significantly associated with low V̇O2peak. However, conflicting results from 
Armenian et al.21 who reported no association between pulmonary indices and VO2peak among long-term sur-
vivors, and the present study wherein arterial blood oxygen saturation was preserved and peak a-vO2 difference 
was similar between our control and long-term allo-SCT survivor cohort suggests a multifactorial contribution 
to V̇O2peak impairment may not always be the case. Indeed, limitations of pulmonary origin may be directly 
dependent on the development of pulmonary complications such as lung GvHD (prevalence 40%22 vs. 0%21 vs. 
7% in our study). Regarding peak a-vO2 difference, it is worth noting, however, that in the context of reduced 
blood flow to skeletal muscle (e.g., lower CIpeak) as seen in our survivor cohort, there is effectively more time for 
oxygen diffusion, and thus the similar ratio of oxygen extraction (peak a-vO2 difference) infers an impairment 
in diffusive oxygen conductance which could suggest reduced capillary to fiber ratio, altered capillary dynamics 
or impairments in oxygen utilisation in muscle reducing the oxygen diffusion gradient. This observation war-
rants further investigation and validation. Moreover, long-term allo-SCT survivors also displayed a less than 
favourable body composition, evidence by a significantly higher %BF related to lower total body LM (− 4.3 kg) 
and higher FM (+ 5.8 kg) and were also more likely to be treated for hypertension (29% of survivors vs. 0% con-
trols). These are common features of aging which may predispose allo-SCT survivors to serious cardiovascular 
sequelae and ultimately, premature CVD. Indeed, the risk of serious post-SCT cardiovascular complications 
is reported to increase incrementally with increasing cardiovascular risk factors6,10, and a suboptimal LM to 
FM ratio can potentiate CVD via common pathogenic pathways including insulin resistance, dyslipidaemia, 
and inflammation40. Overall, while the marked impairment in V̇O2peak may not be explained by impairments 
in skeletal muscle oxygen extraction capabilities per se, the long-term allo-SCT survivors in this study showed 
signs of accelerated cardiovascular and skeletal muscle aging which warrant surveillance.

The results of the present study are hypothesis-generating, ultimately shedding light on potential opportunities 
for therapeutic avenues to ameliorate the deleterious effects of allo-SCT (and prior treatment) on cardiac reserve, 
body composition profile, and subsequently V̇O2peak and cardiovascular risk. From a pharmacological standpoint, 
cardiovascular medications such as beta-adrenergic receptor agonists, angiotensin-converting enzyme inhibi-
tors, angiotensin receptor antagonists and calcium channel blockers have the theoretical potential to improve/
recover SVI reserve (via enhancing myocardial relaxation and/or ventricular compliance) and therefore V̇O2peak 
in survivors41. Though, initiation of cardioprotective pharmacotherapy for subclinical cancer-therapy related 
cardiac dysfunction is not yet routinely indicated due to ongoing debates over risk–benefit ratio (especially in 
those with LVEF ≥ 50%)42–45. Moreover, non-pharmacological approaches such as exercise training—which is safe, 
has low barriers for initiation (i.e., low cost), targets the entire oxygen transport utilisation pathway (and thus V̇
O2peak)46–49, and can favourably modulate body composition profile29,50—may represent an effective therapeutic 
strategy in this population wherein polypharmacy and financial burden is high51,52. Further, dietary modifica-
tion (in accordance with established cardiovascular disease prevention nutrition guidelines53–55) is an effective 
strategy for improving traditional cardiovascular risk and body composition profile, and when combined with 
exercise, may enhance its beneficial effects on cardiac function and VO2peak. Notably, exercise training and nutri-
tional counselling constitute core components of cardiovascular rehabilitation for individuals with established 
CVD46,47,55–59, and our group recently demonstrated the utility of combined aerobic and resistance exercise in 
improving V̇O2peak and cardiac reserve (via increased SV reserve) among anthracycline-treated breast cancer 
patients60. Taken together, there is strong theoretical rationale for further investigation into the therapeutic util-
ity of exercise training, nutritional counselling and/or cardioprotective pharmacotherapy to improve V̇O2peak, 
cardiac reserve and body composition profile among allo-SCT survivors.

There are a few limitations that require consideration when interpreting the findings of this study. The small 
sample size precluded sub-analyses of potential treatment-related modifiers of V̇O2peak (e.g., conditioning inten-
sity; history of GvHD; anthracycline, cyclophosphamide, and radiation dose; steroid use) and increases the 
likelihood of a type II error. The cross-sectional design introduces potential survivor bias wherein our survivor 
cohort may be ‘healthier’ than the typical allo-SCT recipient, and this would serve to underestimate the functional 
impairment in the typical allo-SCT survivor. While the impaired V̇O2peak among survivors does not appear to be 
mediated by the pulmonary system (reflected by preserved arterial blood oxygen saturation during CPET), the 
lack of direct pulmonary evaluation in this study (via spirometry, pulmonary CT) limits our ability to definitively 
rule out the presence of subtle functional and/or structural pulmonary maladaptation that could progress to 
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compromise arterial blood oxygen saturation, and therefore V̇O2peak, over subsequent years. In addition, due to 
the innate ability of the peripheral muscle to compensate for upstream impairment (i.e., vascular), future studies 
should extend our work to better describe vascular health and its relationship with V̇O2peak in this population 
using more sensitive measures of vascular aging (e.g., arterial compliance, arterial elastance, and endothelial 
function). Finally, indirect determination of a-vO2 difference has its limitations due to the assumptions required 
for its calculation (utilisation of supine SV to estimate upright CO). Further, the Fick equation itself may be a 
simplification when discerning peripheral defects as it does not capture oxygen diffusion limitations. This sim-
plification is because a-vO2 difference (as determined by the Fick Equation) reflects a ratio but does not indicate 
the absolute oxygen diffusion into muscle which interacts with blood flow/oxygen delivery as outlined above. 
It is therefore important to acknowledge that peripheral defects as defined by the Fick principle (i.e., a-vO2 dif-
ference) are not interchangeable with peripheral defects defined by the Fick law of diffusion—as illustrated by 
Howden et al.61. Consequently, the possibility of impairment in peripheral diffusive conductance (i.e., diffusion 
capacity) should not be discounted and warrants further investigation62,63.

In conclusion, long-term survivors of allo-SCT exhibit a marked impairment in cardiovascular reserve capac-
ity ( V̇O2peak) compared to age- and sex-matched counterparts, and this deficit appears to be largely attributed to 
subclinical myocardial dysfunction. In addition, long-term survivors exhibit a poorer body composition profile 
as reflected by the higher %BF which was driven by lower LM and higher FM. Taken together, our results (i) 
highlight the utility of subclinical CVD assessment (specifically exercise cardiovascular assessment) in unmask-
ing cardiovascular dysfunction, (ii) draw attention to the persistent nature of cardiovascular dysfunction in this 
population, and (iii) provide valuable insight into the pathophysiologic mechanisms driving premature CVD. 
Each of the identified deficits can be responsive to therapy, especially exercise training. Thus, our results identify 
pathology that can be targeted to mitigate cardiovascular burden in allo-SCT survivors.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

Received: 1 December 2022; Accepted: 17 January 2023

References
	 1.	 Copelan, E. A., Chojecki, A., Lazarus, H. M. & Avalos, B. R. Allogeneic hematopoietic cell transplantation; The current renaissance. 

Blood Rev. 34, 34–44. https://​doi.​org/​10.​1016/j.​blre.​2018.​11.​001 (2019).
	 2.	 Penack, O. et al. How much has allogeneic stem cell transplant-related mortality improved since the 1980s? A retrospective analysis 

from the EBMT. Blood Adv. 4, 6283–6290. https://​doi.​org/​10.​1182/​blood​advan​ces.​20200​03418 (2020).
	 3.	 Sun, C. L. et al. Burden of morbidity in 10+ year survivors of hematopoietic cell transplantation: Report from the bone marrow 

transplantation survivor study. Biol. Blood Marrow Transplant. 19, 1073–1080. https://​doi.​org/​10.​1016/j.​bbmt.​2013.​04.​002 (2013).
	 4.	 Armenian, S. H. & Bhatia, S. Cardiovascular disease after hematopoietic cell transplantation–lessons learned. Haematologica 93, 

1132–1136. https://​doi.​org/​10.​3324/​haema​tol.​13514 (2008).
	 5.	 Armenian, S. H. & Chow, E. J. Cardiovascular disease in survivors of hematopoietic cell transplantation. Cancer 120, 469–479. 

https://​doi.​org/​10.​1002/​cncr.​28444 (2014).
	 6.	 Armenian, S. H. et al. Cardiovascular risk factors in hematopoietic cell transplantation survivors: Role in development of subse-

quent cardiovascular disease. Blood 120, 4505–4512. https://​doi.​org/​10.​1182/​blood-​2012-​06-​437178 (2012).
	 7.	 Chow, E. J. et al. Late cardiovascular complications after hematopoietic cell transplantation. Biol. Blood Marrow Transplant. 20, 

794–800. https://​doi.​org/​10.​1016/j.​bbmt.​2014.​02.​012 (2014).
	 8.	 Chow, E. J. et al. Cardiovascular hospitalizations and mortality among recipients of hematopoietic stem cell transplantation. Ann. 

Intern. Med. 155, 21–32. https://​doi.​org/​10.​7326/​0003-​4819-​155-1-​20110​7050-​00004 (2011).
	 9.	 Baker, K. S. et al. Diabetes, hypertension, and cardiovascular events in survivors of hematopoietic cell transplantation: A report 

from the bone marrow transplantation survivor study. Blood 109, 1765–1772. https://​doi.​org/​10.​1182/​blood-​2006-​05-​022335 
(2007).

	10.	 Tichelli, A. et al. Late cardiovascular events after allogeneic hematopoietic stem cell transplantation: A retrospective multicenter 
study of the late effects working party of the European group for blood and marrow transplantation. Haematologica 93, 1203–1210. 
https://​doi.​org/​10.​3324/​haema​tol.​12949 (2008).

	11.	 Bhatia, S. et al. Late mortality after allogeneic hematopoietic cell transplantation and functional status of long-term survivors: 
Report from the bone marrow transplant survivor study. Blood 110, 3784–3792. https://​doi.​org/​10.​1182/​blood-​2007-​03-​082933 
(2007).

	12.	 Carver, J. R. et al. American Society of Clinical Oncology clinical evidence review on the ongoing care of adult cancer survivors: 
Cardiac and pulmonary late effects. J. Clin. Oncol. 25, 3991–4008. https://​doi.​org/​10.​1200/​JCO.​2007.​10.​9777 (2007).

	13.	 Dillon, H. T. et al. Rapid cardiovascular aging following allogeneic hematopoietic cell transplantation for hematological malignancy. 
Front. Cardiovasc. Med. 9, 926064. https://​doi.​org/​10.​3389/​fcvm.​2022.​926064 (2022).

	14.	 Bassett, D. R. Jr. & Howley, E. T. Limiting factors for maximum oxygen uptake and determinants of endurance performance. Med. 
Sci. Sports Exerc. 32, 70–84. https://​doi.​org/​10.​1097/​00005​768-​20000​1000-​00012 (2000).

	15.	 Balady, G. J. et al. Clinician’s Guide to cardiopulmonary exercise testing in adults: A scientific statement from the American Heart 
Association. Circulation 122, 191–225. https://​doi.​org/​10.​1161/​CIR.​0b013​e3181​e52e69 (2010).

	16.	 Kelsey, C. R. et al. Cardiopulmonary exercise testing prior to myeloablative allo-SCT: A feasibility study. Bone Marrow Transplant. 
49, 1330–1336. https://​doi.​org/​10.​1038/​bmt.​2014.​159 (2014).

	17.	 Khan, H. et al. Cardiorespiratory fitness and risk of heart failure: A population-based follow-up study. Eur. J. Heart Fail. 16, 
180–188. https://​doi.​org/​10.​1111/​ejhf.​37 (2014).

	18.	 Kupsky, D. F. et al. Cardiorespiratory fitness and incident heart failure: The Henry Ford ExercIse Testing (FIT) Project. Am. Heart 
J. 185, 35–42. https://​doi.​org/​10.​1016/j.​ahj.​2016.​12.​006 (2017).

	19.	 Wood, W. A. et al. Cardiopulmonary fitness in patients undergoing hematopoietic SCT: A pilot study. Bone Marrow Transplant. 
48, 1342–1349. https://​doi.​org/​10.​1038/​bmt.​2013.​58 (2013).

	20.	 Howden, E. J. et al. Exercise as a diagnostic and therapeutic tool for the prevention of cardiovascular dysfunction in breast cancer 
patients. Eur. J. Prev. Cardiol. 26, 305–315. https://​doi.​org/​10.​1177/​20474​87318​811181 (2019).

https://doi.org/10.1016/j.blre.2018.11.001
https://doi.org/10.1182/bloodadvances.2020003418
https://doi.org/10.1016/j.bbmt.2013.04.002
https://doi.org/10.3324/haematol.13514
https://doi.org/10.1002/cncr.28444
https://doi.org/10.1182/blood-2012-06-437178
https://doi.org/10.1016/j.bbmt.2014.02.012
https://doi.org/10.7326/0003-4819-155-1-201107050-00004
https://doi.org/10.1182/blood-2006-05-022335
https://doi.org/10.3324/haematol.12949
https://doi.org/10.1182/blood-2007-03-082933
https://doi.org/10.1200/JCO.2007.10.9777
https://doi.org/10.3389/fcvm.2022.926064
https://doi.org/10.1097/00005768-200001000-00012
https://doi.org/10.1161/CIR.0b013e3181e52e69
https://doi.org/10.1038/bmt.2014.159
https://doi.org/10.1111/ejhf.37
https://doi.org/10.1016/j.ahj.2016.12.006
https://doi.org/10.1038/bmt.2013.58
https://doi.org/10.1177/2047487318811181


11

Vol.:(0123456789)

Scientific Reports |         (2023) 13:2112  | https://doi.org/10.1038/s41598-023-28320-w

www.nature.com/scientificreports/

	21.	 Armenian, S. H. et al. Cardiovascular function in long-term hematopoietic cell transplantation survivors. Biol. Blood Marrow 
Transplant. 23, 700–705. https://​doi.​org/​10.​1016/j.​bbmt.​2017.​01.​006 (2017).

	22.	 Myrdal, O. H. et al. Determinants of cardiorespiratory fitness in very long-term survivors of allogeneic hematopoietic stem cell 
transplantation: A national cohort study. Support Care Cancer 29, 1959–1967. https://​doi.​org/​10.​1007/​s00520-​020-​05644-1 (2021).

	23.	 Foulkes, S. et al. Exercise cardiovascular magnetic resonance reveals reduced cardiac reserve in pediatric cancer survivors with 
impaired cardiopulmonary fitness. J. Cardiovasc. Magn. Reson. 22, 64. https://​doi.​org/​10.​1186/​s12968-​020-​00658-4 (2020).

	24.	 Koelwyn, G. J., Khouri, M., Mackey, J. R., Douglas, P. S. & Jones, L. W. Running on empty: Cardiovascular reserve capacity and 
late effects of therapy in cancer survivorship. J. Clin. Oncol. 30, 4458–4461. https://​doi.​org/​10.​1200/​JCO.​2012.​44.​0891 (2012).

	25.	 Department of Health. Australia’s physical activity and sedentary behaviour guidelines. [homepage on the internet] Canberra, 
Australia: Department of Health; 2014 [updated 2021]. Available from: https://​www.​health.​gov.​au/​topics/​physi​cal-​activ​ity-​and-​
exerc​ise/​physi​cal-​activ​ity-​and-​exerc​ise-​guide​lines-​for-​all-​austr​alians.

	26.	 de Souza e Silva, C. G. et al. A reference equation for maximal aerobic power for treadmill and cycle ergometer exercise testing: 
Analysis from the FRIEND registry. Eur. J. Prevent. Cardiol. 25, 742–750. https://​doi.​org/​10.​1177/​20474​87318​763958 (2020).

	27.	 La Gerche, A. et al. Cardiac MRI: A new gold standard for ventricular volume quantification during high-intensity exercise. Circ. 
Cardiovasc. Imag. 6, 329–338. https://​doi.​org/​10.​1161/​CIRCI​MAGING.​112.​980037 (2013).

	28.	 Dillon, H. T. et al. The effect of posture on maximal oxygen uptake in active healthy individuals. Eur. J. Appl. Physiol. 121, 
1487–1498. https://​doi.​org/​10.​1007/​s00421-​021-​04630-7 (2021).

	29.	 Zamorano, J. L. et al. 2016 ESC Position Paper on cancer treatments and cardiovascular toxicity developed under the auspices 
of the ESC Committee for Practice Guidelines: The task force for cancer treatments and cardiovascular toxicity of the European 
Society of Cardiology (ESC). Eur. Heart J. 37, 2768–2801. https://​doi.​org/​10.​1093/​eurhe​artj/​ehw211 (2016).

	30.	 Groarke, J. D. et al. Association of post-diagnosis cardiorespiratory fitness with cause-specific mortality in cancer. Eur. Heart J. 
Qual. Care Clin. Outcomes 6, 315–322. https://​doi.​org/​10.​1093/​ehjqc​co/​qcaa0​15 (2020).

	31.	 Imboden, M. T. et al. The influence of change in cardiorespiratory fitness with short-term exercise training on mortality risk from 
the ball state adult fitness longitudinal lifestyle study. Mayo Clin. Proc. 94, 1406–1414. https://​doi.​org/​10.​1016/j.​mayocp.​2019.​01.​
049 (2019).

	32.	 Bloom, M. W. et al. Cancer therapy-related cardiac dysfunction and heart failure: Part 1: Definitions, pathophysiology, risk factors, 
and imaging. Circul. Heart Fail. 9, e002661. https://​doi.​org/​10.​1161/​CIRCH​EARTF​AILURE.​115.​002661 (2016).

	33.	 Yeh, E. T. & Bickford, C. L. Cardiovascular complications of cancer therapy: Incidence, pathogenesis, diagnosis, and management. 
J. Am. Coll. Cardiol. 53, 2231–2247. https://​doi.​org/​10.​1016/j.​jacc.​2009.​02.​050 (2009).

	34.	 Calabrese, V. et al. Early diastolic dysfunction after cancer chemotherapy: Primary endpoint results of a multicenter cardio-
oncology study. Chemotherapy 63, 55–63. https://​doi.​org/​10.​1159/​00048​6761 (2018).

	35.	 Arbab-Zadeh, A. et al. Effect of aging and physical activity on left ventricular compliance. Circulation 110, 1799–1805. https://​doi.​
org/​10.​1161/​01.​CIR.​00001​42863.​71285.​74 (2004).

	36.	 Scott, J. M. et al. Cardiovascular disease following hematopoietic stem cell transplantation: Pathogenesis, detection, and the 
cardioprotective role of aerobic training. Crit. Rev. Oncol. Hematol. 98, 222–234. https://​doi.​org/​10.​1016/j.​critr​evonc.​2015.​11.​007 
(2016).

	37.	 Wakasugi, T. et al. Impaired skeletal muscle oxygenation following allogeneic hematopoietic stem cell transplantation is associated 
with exercise capacity. Support. Care Cancer 26, 2149–2160. https://​doi.​org/​10.​1007/​s00520-​017-​4036-6 (2018).

	38.	 Wakasugi, T. et al. Muscle oxygen extraction and lung function are related to exercise tolerance after allogeneic hematopoietic 
stem cell transplantation. Support Care Cancer 29, 6039–6048. https://​doi.​org/​10.​1007/​s00520-​021-​06178-w (2021).

	39.	 Morishita, S. et al. Fatigue, muscle oxygen consumption and blood flow to the skeletal muscle after allogeneic hematopoietic stem 
cell transplantation. Adv. Exp. Med. Biol. 1072, 293–298. https://​doi.​org/​10.​1007/​978-3-​319-​91287-5_​47 (2018).

	40.	 Sun, J., Zhang, Z., Liu, Z., Li, J. & Kang, W. The correlation of total percent fat with alterations in cholesterol and triglycerides in 
adults. Front Nutr. 9, 881729. https://​doi.​org/​10.​3389/​fnut.​2022.​881729 (2022).

	41.	 Avila, M. S., Siqueira, S. R. R., Ferreira, S. M. A. & Bocchi, E. A. Prevention and treatment of chemotherapy-induced cardiotoxicity. 
Methodist. Debakey Cardiovasc. J. 15, 267–273. https://​doi.​org/​10.​14797/​mdcj-​15-4-​267 (2019).

	42.	 Chianca, M. et al. Management and treatment of cardiotoxicity due to anticancer drugs: 10 questions and answers. Eur. J. Prev. 
Cardiol. 29, 2163–2172. https://​doi.​org/​10.​1093/​eurjpc/​zwac1​70 (2022).

	43.	 Curigliano, G. et al. Management of cardiac disease in cancer patients throughout oncological treatment: ESMO consensus recom-
mendations. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 31, 171–190. https://​doi.​org/​10.​1016/j.​annonc.​2019.​10.​023 (2020).

	44.	 Alexandre, J. et al. Cardiovascular toxicity related to cancer treatment: A pragmatic approach to the American and European 
cardio-oncology guidelines. J. Am. Heart Assoc. 9, e018403. https://​doi.​org/​10.​1161/​JAHA.​120.​018403 (2020).

	45.	 Davis, M. K. & Virani, S. A. Routine prophylactic cardioprotective therapy should not be given to all recipients of potentially 
cardiotoxic cancer chemotherapy. Can. J. Cardiol. 32, 926–930. https://​doi.​org/​10.​1016/j.​cjca.​2016.​02.​061 (2016).

	46.	 Haykowsky, M. J. et al. Meta-analysis of aerobic interval training on exercise capacity and systolic function in patients with heart 
failure and reduced ejection fractions. Am. J. Cardiol. 111, 1466–1469. https://​doi.​org/​10.​1016/j.​amjca​rd.​2013.​01.​303 (2013).

	47.	 Tucker, W. J. et al. Mechanisms of the improvement in peak VO(2) with exercise training in heart failure with reduced or preserved 
ejection fraction. Heart Lung Circ. 27, 9–21. https://​doi.​org/​10.​1016/j.​hlc.​2017.​07.​002 (2018).

	48.	 Fukuta, H., Goto, T., Wakami, K. & Ohte, N. Effects of drug and exercise intervention on functional capacity and quality of life 
in heart failure with preserved ejection fraction: A meta-analysis of randomized controlled trials. Eur. J. Prev. Cardiol. 23, 78–85. 
https://​doi.​org/​10.​1177/​20474​87314​564729 (2016).

	49.	 Howden, E. J. et al. Reversing the cardiac effects of sedentary aging in middle age—a randomized controlled trial. Circulation 137, 
1549–1560. https://​doi.​org/​10.​1161/​CIRCU​LATIO​NAHA.​117.​030617 (2018).

	50.	 Strasser, B., Steindorf, K., Wiskemann, J. & Ulrich, C. M. Impact of resistance training in cancer survivors: A meta-analysis. Med. 
Sci. Sports Exerc. 45, 2080–2090. https://​doi.​org/​10.​1249/​MSS.​0b013​e3182​9a3b63 (2013).

	51.	 McErlean, G. et al. Long-term treatment burden following allogeneic blood and marrow transplantation in NSW, Australia: A 
cross-sectional survey. J. Cancer Surviv. Res. Pract. 16, 432–444. https://​doi.​org/​10.​1007/​s11764-​021-​01038-2 (2022).

	52.	 Dyer, G. et al. Changes to work status and household income of long-term allogeneic blood and marrow transplant survivors in 
New South Wales, Australia. Bone Marrow Transplant. 53, 926–931. https://​doi.​org/​10.​1038/​s41409-​018-​0098-4 (2018).

	53.	 Board, J. B. S. Joint British Societies’ consensus recommendations for the prevention of cardiovascular disease (JBS3). Heart 
100(Suppl 2), ii1–ii67. https://​doi.​org/​10.​1136/​heart​jnl-​2014-​305693 (2014).

	54.	 Sanches Machado d’Almeida, K., Ronchi Spillere, S., Zuchinali, P. & Corrêa Souza, G. Mediterranean diet and other dietary patterns 
in primary prevention of heart failure and changes in cardiac function markers: A systematic review. Nutrients 10, 58 (2018).

	55.	 Arnett, D. K. et al. 2019 ACC/AHA guideline on the primary prevention of cardiovascular disease: A report of the American 
College of Cardiology/American Heart Association task force on clinical practice guidelines. Circulation 140, e596–e646. https://​
doi.​org/​10.​1161/​CIR.​00000​00000​000678 (2019).

	56.	 Hansen, D. et al. Exercise intensity assessment and prescription in cardiovascular rehabilitation and beyond: why and how: A posi-
tion statement from the Secondary Prevention and Rehabilitation Section of the European Association of Preventive Cardiology. 
Eur. J. Prev. Cardiol. 29, 230–245. https://​doi.​org/​10.​1093/​eurjpc/​zwab0​07%​JEuro​peanJ​ourna​lofPr​event​iveCa​rdiol​ogy (2021).

	57.	 Lara-Breitinger, K., Lynch, M. & Kopecky, S. Nutrition intervention in cardiac rehabilitation: A review of the literature and stategies 
for the future. J. Cardiopulm. Rehabil. Prev. 41, 383–388. https://​doi.​org/​10.​1097/​HCR.​00000​00000​000660 (2021).

https://doi.org/10.1016/j.bbmt.2017.01.006
https://doi.org/10.1007/s00520-020-05644-1
https://doi.org/10.1186/s12968-020-00658-4
https://doi.org/10.1200/JCO.2012.44.0891
https://www.health.gov.au/topics/physical-activity-and-exercise/physical-activity-and-exercise-guidelines-for-all-australians
https://www.health.gov.au/topics/physical-activity-and-exercise/physical-activity-and-exercise-guidelines-for-all-australians
https://doi.org/10.1177/2047487318763958
https://doi.org/10.1161/CIRCIMAGING.112.980037
https://doi.org/10.1007/s00421-021-04630-7
https://doi.org/10.1093/eurheartj/ehw211
https://doi.org/10.1093/ehjqcco/qcaa015
https://doi.org/10.1016/j.mayocp.2019.01.049
https://doi.org/10.1016/j.mayocp.2019.01.049
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002661
https://doi.org/10.1016/j.jacc.2009.02.050
https://doi.org/10.1159/000486761
https://doi.org/10.1161/01.CIR.0000142863.71285.74
https://doi.org/10.1161/01.CIR.0000142863.71285.74
https://doi.org/10.1016/j.critrevonc.2015.11.007
https://doi.org/10.1007/s00520-017-4036-6
https://doi.org/10.1007/s00520-021-06178-w
https://doi.org/10.1007/978-3-319-91287-5_47
https://doi.org/10.3389/fnut.2022.881729
https://doi.org/10.14797/mdcj-15-4-267
https://doi.org/10.1093/eurjpc/zwac170
https://doi.org/10.1016/j.annonc.2019.10.023
https://doi.org/10.1161/JAHA.120.018403
https://doi.org/10.1016/j.cjca.2016.02.061
https://doi.org/10.1016/j.amjcard.2013.01.303
https://doi.org/10.1016/j.hlc.2017.07.002
https://doi.org/10.1177/2047487314564729
https://doi.org/10.1161/CIRCULATIONAHA.117.030617
https://doi.org/10.1249/MSS.0b013e31829a3b63
https://doi.org/10.1007/s11764-021-01038-2
https://doi.org/10.1038/s41409-018-0098-4
https://doi.org/10.1136/heartjnl-2014-305693
https://doi.org/10.1161/CIR.0000000000000678
https://doi.org/10.1161/CIR.0000000000000678
https://doi.org/10.1093/eurjpc/zwab007%JEuropeanJournalofPreventiveCardiology
https://doi.org/10.1097/HCR.0000000000000660


12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:2112  | https://doi.org/10.1038/s41598-023-28320-w

www.nature.com/scientificreports/

	58.	 Dallas, K. et al. The effects of exercise on VO(2)peak, quality of life and hospitalization in heart failure patients: A systematic review 
with meta-analyses. Eur. J. Sport Sci. 21, 1337–1350. https://​doi.​org/​10.​1080/​17461​391.​2020.​18460​81 (2021).

	59.	 Balady, G. J. et al. Core components of cardiac rehabilitation/secondary prevention programs: 2007 update: A scientific statement 
from the American Heart Association Exercise, Cardiac Rehabilitation, and Prevention Committee, the Council on Clinical Cardi-
ology; The Councils on Cardiovascular Nursing, Epidemiology and Prevention, and Nutrition, Physical Activity, and Metabolism; 
and the American Association of Cardiovascular and Pulmonary Rehabilitation. Circulation 115, 2675–2682. https://​doi.​org/​10.​
1161/​CIRCU​LATIO​NAHA.​106.​180945 (2007).

	60.	 Foulkes, S. J. et al. Exercise for the prevention of anthracycline-induced functional disability and cardiac dysfunction: The BReast 
cancer randomized EXercise InTervention (BREXIT) study. Circulation https://​doi.​org/​10.​1161/​CIRCU​LATIO​NAHA.​122.​062814 
(2022).

	61.	 Howden, E. J. et al. Oxygen pathway limitations in patients with chronic thromboembolic pulmonary hypertension. Circulation 
143, 2061–2073. https://​doi.​org/​10.​1161/​CIRCU​LATIO​NAHA.​120.​052899 (2021).

	62.	 Esposito, F., Mathieu-Costello, O., Shabetai, R., Wagner, P. D. & Richardson, R. S. Limited maximal exercise capacity in patients 
with chronic heart failure: Partitioning the contributors. J. Am. Coll. Cardiol. 55, 1945–1954. https://​doi.​org/​10.​1016/j.​jacc.​2009.​
11.​086 (2010).

	63.	 Wagner, P. D. Determinants of maximal oxygen transport and utilization. Annu. Rev. Physiol. 58, 21–50. https://​doi.​org/​10.​1146/​
annur​ev.​ph.​58.​030196.​000321 (1996).

Acknowledgements
The authors acknowledge the Alfred Hospital Late Effects Clinic who supported and referred patients to our 
study.

Author contributions
E.J.H., B.A.K., D.W.D., A.L.G. and S.A. contributed to the conceptualisation and design of the study. H.T.D., 
Y.H.O., E.J.H., D.K. and S.A. were responsible for participant recruitment. H.T.D., S.F., Y.H.O., and E.H. con-
ducted data collection. H.T.D., A.L.G., S.F. and E.J.H. were responsible for image analyses (DXA, Echo, and 
CMR), and all authors contributed to the interpretation of the data. H.T.D. conducted the statistical analysis 
and drafted the original manuscript. All authors critically revised the manuscript and approved the final version. 
Written informed consent was obtained from participants regarding the publication of their data.

Funding
HTD is supported by a Deakin-Baker PhD scholarship. EJH and ALG are supported by Australian National Heart 
Foundation Future Leader Fellowships (102536 and 102021, respectively). DD was supported by an NHMRC 
Senior Research Fellowship (GNT1078360). No other funding was received as part of this project.

Competing interests 
BAK is employed by CSL Ltd. All other authors have no relevant financial or non-financial interests to disclose.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​28320-w.

Correspondence and requests for materials should be addressed to E.J.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1080/17461391.2020.1846081
https://doi.org/10.1161/CIRCULATIONAHA.106.180945
https://doi.org/10.1161/CIRCULATIONAHA.106.180945
https://doi.org/10.1161/CIRCULATIONAHA.122.062814
https://doi.org/10.1161/CIRCULATIONAHA.120.052899
https://doi.org/10.1016/j.jacc.2009.11.086
https://doi.org/10.1016/j.jacc.2009.11.086
https://doi.org/10.1146/annurev.ph.58.030196.000321
https://doi.org/10.1146/annurev.ph.58.030196.000321
https://doi.org/10.1038/s41598-023-28320-w
https://doi.org/10.1038/s41598-023-28320-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Reduced cardiovascular reserve capacity in long-term allogeneic stem cell transplant survivors
	Methodology
	Population and design. 
	Experimental measurements. 
	Statistical analysis. 
	Ethics approval. 
	Consent to participate. 

	Results
	Participant demographic, anthropometric and traditional cardiovascular risk characteristics. 
	Prior cancer treatment and transplant related information for Allo-SCT survivors. 
	Integrative cardiovascular reserve capacity: cardiopulmonary exercise testing parameters. 
	Cardiac determinants of VO2peak. 
	Resting cardiac function and biomarker profile. 
	Cardiac reserve. 

	Non-cardiac determinants of O2peak and blood-based metabolic risk profile. 
	Associations between O2peak and central and peripheral organ function in long-term allo-SCT survivors. 

	Discussion
	References
	Acknowledgements


