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Abstract

Peak oxygen consumption (VO2peak), as measured by cardiopulmonary exercise testing (CPET), is 

a powerful independent predictor of cardiovascular disease (CVD) and all-cause mortality in a 

broad range of populations. We assessed the safety and feasibility of CPET in aging long-term 

HCT survivors, a population at high risk for premature-onset of CVD. Next we examined how 

organ-specific impairments (e.g. cardiac, pulmonary, hematologic) impact VO2peak after HCT. 

Twenty consecutive HCT survivors underwent a comprehensive assessment of cardiopulmonary 

health that included CPET, echocardiography with strain, pulmonary function testing, six-minute 

walk test, and timed-up and go. Median age at assessment was 67.4 years (range 42-75 years), and 

median time from HCT was 9.8 years (range 3-20 years). No adverse events were observed during 

CPET procedures, and 95% of studies were considered to be at “peak” effort (respiratory exchange 

ratio ≥1.10). VO2peak was on average 22% less than predicted, and allogeneic HCT survivors had 

markedly lower VO2peak when compared to autologous HCT survivors (18.2 mL/kg/min vs. 22.2 

mL/kg/min; p=0.05). Six (30%) participants had VO2peak ≤16 mL/kg/min, a threshold that is 

associated with a nine-fold risk of death in patients undergoing HCT. Despite the presence of 

normal (>50%) resting left ventricular (LV) ejection fraction in all participants, 25% had markedly 

abnormal LV longitudinal strain, an advanced echocardiographic measure of myocardial 
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dysfunction. These findings highlight the role of stress-based measures and advanced myocardial 

imaging to characterize CVD risk in HCT survivors, setting the stage for tailored interventions to 

prevent CVD with its attendant morbidity and mortality.
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Introduction

It is estimated that there are currently >160,000 hematopoietic cell transplantation (HCT) 

survivors living in the U.S. and that number is expected to exceed 500,000 by the year 

2030.1, 2 In this population, cardiovascular diseases (CVDs) such as myocardial infarction, 

heart failure, and stroke, are leading causes of late-occurring morbidity and mortality.3 HCT 

survivors have a 4-fold higher risk of developing CVD when compared to the general 

population;4 median age at first cardiovascular event such as myocardial infarction is 53 

years (range 35-66 years),5 which is much lower than would be expected in the general 

population (67 years).6 The increased risk of CVD, coupled with the recognition that these 

complications develop earlier than would be expected in the general population, has raised 

the possibility of an accelerated cardiovascular aging phenotype in HCT survivors.3

The cardiovascular system has an inherent reserve capacity (cardiovascular reserve 

capacity), which is maintained by cross-organ systems (cardiac, pulmonary, hematologic, 

musculoskeletal) that adapt to physiologic and/or pathologic perturbations.7, 8 However, this 

reserve capacity is finite; chronic pathological perturbations to one or more of the organ 

systems that maintain its integrity lead to cardiovascular aging.7 For HCT survivors, 

depletion of reserve capacity may be initiated by pre-HCT and HCT-related therapeutic 

exposures, and worsened by post-HCT complications such as graft vs. host disease (GvHD), 

comorbidities (e.g., hypertension, diabetes), and lifestyle behaviors (deconditioning).3, 9

Peak oxygen consumption (VO2peak), as measured by cardiopulmonary exercise testing 

(CPET), is the gold standard measure of aerobic capacity and cardiovascular reserve.10 

VO2peak is a powerful independent predictor of CVD and all-cause mortality in a broad 

range of populations, including breast and lung cancer patients.10-12 Two recent studies 13, 14 

in HCT patients reported that low VO2peak prior to HCT was associated with increased risk 

of non-relapse mortality, independent of other prognostic measures such as age, resting left 

ventricular ejection fraction (EF), and HCT comorbidity index. There is a paucity of 

information regarding VO2peak after HCT, and how organ-specific perturbations impact 

cardiovascular reserve capacity in HCT survivors. Addressing this gap in knowledge is 

especially important for aging long-term HCT survivors, a population at highest risk for 

premature onset of CVD.3, 15 Accordingly, we evaluated the safety and feasibility of CPET 

in survivors who were on average 10 years from HCT. Secondary objectives were to: 1) 

assess the level of VO2peak impairment, and 2) to examine the impact of organ-specific (e.g. 

cardiac, pulmonary, hematologic) impairments on VO2peak in these survivors. We 

hypothesized that CPET would be feasible and safe, and that detailed assessment of specific 
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organ systems would provide useful information regarding the etiology of VO2peak 

impairment in long-term HCT survivors.

Materials and Methods

Study participants

Patients were identified from an existing electronic database of HCT survivors that included 

information on age at diagnosis, therapeutic exposures, chronic health conditions, and vital 

status. Two cohorts were targeted (allogeneic, autologous; 10 participants per cohort). 

Eligibility criteria included: 1) ≥2y years from HCT, 2) no evidence of active hematologic 

malignancy, 3) underwent HCT for acute leukemia (lymphoblastic, myeloid) or lymphoma 

(non-Hodgkin, Hodgkin). Survivors with any of the following conditions were ineligible: 

acute myocardial Infarction (within 3-5 days of any planned study procedures), unstable 

angina, uncontrolled arrhythmia causing symptoms or hemodynamic compromise, recurrent 

syncope, acute myocarditis or pericarditis, symptomatic severe aortic stenosis, uncontrolled 

heart failure, acute (within 3 months) pulmonary embolus or pulmonary infarction, 

thrombosis of lower extremities, moderate or severe persistent asthma (as defined by the 

National Asthma Education and Prevention Program), acute non-cardiopulmonary disorders 

that may affect exercise performance or be aggravated by exercise (e.g. active systemic 

infection, renal failure, thyrotoxicosis).

Potentially eligible patients were sequentially recruited by mail or in person using a 

stratified approach, to ensure a balanced representation across key risk factors: age at 

recruitment (<65 years, ≥65 years), sex, and type of HCT (allogeneic, autologous). Final 

eligibility was determined by a cardiologist who performed a detailed history and physical 

examination and a resting electrocardiogram (ECG). Study participants underwent a 

comprehensive assessment of cardiopulmonary function that included: 2-dimensional (2D) 

echocardiography, symptom-limited CPET, and pulmonary function test (PFT). Participants 

also performed a six-minute walk test (6MWT), timed up and go (TUG), provided 

information regarding their past medical history and a blood sample to measure hemoglobin 

(Hgb). The City of Hope institutional review board approved this study and written informed 

consent was obtained from all participants prior to initiation of study procedures.

CPET

The symptom-limited CPET was conducted on an electronically-braked cycle ergometer 

(CareFusion Respiratory Technologies; Yorba Linda, CA) with breath-by-breath expired gas 

analysis (CareFusion V max Encore). All tests were conducted by two certified exercise 

technicians under the direct supervision of the study pulmonologist (DH); testing was 

conducted per American Thoracic Society (ATS) guidelines.10, 16 Participants were 

monitored continuously with 12-lead ECG during exercise and five minutes of recovery. 

During exercise, oxyhemoglobin saturation was monitored continuously using finger pulse 

oximetry while blood pressure was measured by an automated sphygmomanometer every 

two minutes.10 Three minutes of resting metabolic data was collected before participants 

began cycling at 20 W. Afterwards, workloads were then increased 5–20 W/min until 

volitional exhaustion or until a symptom limitation was achieved. VO2peak was defined as 
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the highest VO2 value for a given 30 second interval within the last 60 seconds of exercise.17 

Age-matched normative VO2peak data for healthy individuals without a history of cancer 

were calculated from the established sex-specific equations.18, 19

Acceptable test criteria included any of the following: (1) a peak or plateau in oxygen 

consumption concurrent with increased power output, (2) a respiratory exchange ratio ≥1.1, 

(3) volitional exhaustion, and (4) a rating of perceived exertion greater than 19.10,13 Severe 

adverse event (SAE) was defined as the occurrence of a ≥Grade 3 (Common Terminology of 

Adverse Events [Version 4]) cardiovascular event: (1) sustained ventricular tachycardia, (2) 

myocardial ischemia, (3) syncope, (4) provision of cardiac life support medications, (5) 

direct admission to emergency room/equivalent, or (6) death. Criteria for ischemic changes 

in ECG included 0.1 mV deviation of the ST segment horizontal to or away from the 

baseline isoelectric line at 0.08 seconds after the J-point in the absence of significant resting 

ST-T abnormalities, or left bundle branch block.10

Echocardiogram

Resting 2D-Echocardiograms with tissue Doppler strain were performed per the American 

Society of Echocardiography and the European Association of Cardiovascular Imaging 

practice guidelines.20 EF was derived from left ventricular volumes in systole (LVESV) and 

diastole (LVEDV), measured on M-mode recordings obtained from standard left ventricular 

parasternal long axis view, using the formula: (LVEDV-LVESV/LVEDV) × 100. Left 

ventricular global longitudinal strain (GLS) was measured manually by tracing the 

endocardial border in end systole; commercially available analysis software (EchoPAC 

vBT08; GE Healthcare, USA) was used to automatically trace regions of interest as well as 

the entire myocardium.

Pulmonary Function Evaluation

PFTs were performed per the ATS recommendations.21-23 Measurements included 

Spirometry before and after bronchodilators, lung volumes, and diffusion capacity. Total 

lung capacity (TLC), forced vital capacity (FVC), forced expiratory volume in 1 second 

(FEV1), carbon monoxide diffusing capacity of the lungs (DLCO), and DLCO/volume of air 

(DL/VA). If the DLCO was <80% of predicted, the DLCO corrected for hemoglobin content 

(DLCOc) was calculated. Percent of predicted normal values were calculated using 

established reference values.21, 22

Functional Capacity

6MWT was performed in a measured corridor according to ATS guidelines.23 Briefly, study 

participants were instructed to walk at their fastest pace and to cover the longest possible 

distance over six minutes under the supervision of trained study staff. Timed Up and Go 
(TUG) was measured by how many seconds it took an individual to stand up from a standard 

armchair (approximate seat height: 46 cm), walk a distance of 10 ft, turn, walk back to the 

chair, and sit down.
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Statistical considerations

Descriptive statistics were generated for all outcome measures. VO2peak was analyzed as a 

continuous and categorical variable (≤16 mL/kg/min, >16 mL/kg/min), based on prognostic 

significance in patients undergoing HCT.13 Exploratory analyses were performed to describe 

the association between participant demographics, chronic health conditions, HCT-related 

exposures and VO2peak. Additionally, the correlation (Spearman) between VO2peak and other 

prognostic measures (e.g., EF, GLS, 6MWT) was assessed. Data were analyzed by using 

SPSS Version 18.0 (IBM, Armonk, NY).

Feasibility was defined as: 1) enrollment of ≥50% of eligible patients approached for 

participation, 2) successful completion of all study measures (history/physical examination, 

CPET, echocardiography, PFT, 6MWT, TUG) in ≥75% of participants, and 3) capture of all 

required study CPET measurements in ≥90% of participants.

Results

Twenty three HCT survivors who had undergone HCT between 1995 and 2013 were 

approached, and 20 (87%) agreed to participate. Due to our a priori recruitment strategy, 

there was a balanced distribution by sex, type of HCT, and age at assessment (Table 1). 

Median age at assessment was 67.4 years (range 42-75 years). Median time from HCT was 

9.8 years (range 3-20 years), and median Karnofsky Performance Score was 90 (range 70–

100). The most common diagnosis was non-Hodgkin lymphoma (55%), followed by acute 

myeloid leukemia (25%), and acute lymphoblastic leukemia (10%). Fourteen had received 

myeloablative conditioning, and 6 had received reduced-intensity conditioning (RIC). 

Among allogeneic HCT survivors, 3 (30%) had active chronic GvHD (2 skin, 1 skin and GI) 

at the time of assessment. All participants successfully completed study assessments. No 

adverse events were observed during CPET procedures, and 95% of studies were considered 

to be at “peak” effort (respiratory exchange ratio [RER] ≥1.10; Table 2).

Median VO2peak was 19.4 mL/kg/min (range 13.1-26.9 mL/kg/min), corresponding to 78% 

of predicted (Figure 1). Six (30%) patients had VO2peak ≤16 mL/kg/min. VO2peak was lower 

in allogeneic patients compared to autologous (18.2 mL/kg/min vs. 22.2 mL/kg/min; 

p=0.05), and was lowest (16.8 mL/kg/min) in those with active GvHD. Myeloablative 

conditioning was associated with lower VO2peak compared to RIC (17.2 mL/kg/min vs. 24.4 

mL/kg/min; p<0.01). There was no difference in VO2peak by age, sex, time since HCT (≥10 

years vs. <10 years), or on the basis of CVD risk factors (data not shown).

Median distance covered on the 6MWT was 469 meters (range: 243-640 meters), 

corresponding to 72% of predicted (Table 2); there was a modest correlation between 

VO2peak and distance covered on the 6MWT (r=0.52, p=0.02). There was no correlation 

between VO2peak and relevant resting measures of pulmonary (FEV1, TLC, DLCOcorr, DL/

VA), hematologic (Hgb), or cardiac (EF) health (Table 3). On the other hand, there was good 

correlation between VO2peak and echocardiography-derived GLS (r=-0.67, p<0.01). 

Importantly, five (25%) participants had markedly abnormal (>-16%) GLS despite having a 

normal (>50%) resting EF.
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Discussion

The principal finding from the current study was that CPET was safe and feasible in an older 

(median age: 67 years) population of HCT survivors who were on average 10 years from 

HCT, and had no evidence of clinically evident cardiopulmonary disease. All participants 

successfully completed the study assessments including CPET, 2D-echocardiogram, PFT, 

6MWT, and TUG; 95% of participants had a peak RER ≥1.1 an indication of excellent 

participant effort during CPET. There were no serious adverse events during CPET, which is 

important, since CPET required exercise to symptom limitation (volitional exhaustion).

In the current study, exercise capacity (VO2peak) was on average 22% less than predicted for 

age and sex, and allogeneic HCT survivors had markedly lower VO2peak when compared to 

autologous HCT survivors. Six (30%) participants had VO2peak ≤16 mL/kg/min, a threshold 

that is associated with a ninefold risk of death in patients undergoing HCT.13 A recent 

study24 of 22 patients with multiple myeloma found that median VO2peak was 17.5 

mL/kg/min at 17 months post-HCT, corresponding to 38% less than that for age- and sex-

predicted normative values. Given these findings, there is a suggestion that a VO2peak may 

improve over time; in the current study, median VO2peak was 19.5 mL/kg/min (22% 

predicted) at 10 years post-HCT. On the other hand, we acknowledge that this modest 

“improvement” may also reflect survival bias, since patients with the greatest VO2peak may 

not have lived long enough to participate in the current study. Additional studies are needed 

to describe longitudinal trends in VO2peak over time, to identify subgroups at highest risk of 

decline as well as those who may have spontaneous improvement in VO2peak, and to 

describe the prognostic utility VO2peak beyond the immediate post-HCT setting. Also 

unknown, but highly germane to optimizing outcomes in this group of patients, is whether 

there could be a subset of patients in whom exercise capacity improves with an exercise 

training intervention, and whether this translates into a clinically relevant improvement in 

health related quality of life (HRQOL).

All study participants had a normal (>50%) resting EF, and none had signs or symptoms of 

cardiopulmonary disease at rest. Importantly, we found no correlation between VO2peak and 

traditional resting measures of cardiac systolic function (EF) or pulmonary function (e.g. 

FEV1, DLCOcorr). It is increasingly recognized that a substantial amount of injury needs to 

occur to the heart and lungs before change in these resting parameters can be detected.3, 7 

For example, once a drop in EF (e.g. <50%) is detected in cancer survivors, functional 

deterioration often proceeds rapidly.25, 26 In non-cancer populations, GLS has emerged as a 

reproducible measure of early left ventricular dysfunction;27 reduction in GLS is an 

independent predictor of major cardiac events such as heart failure and cardiac death, 

independent of EF.27 To date, there has been very little known about the role of 

echocardiography-derived strain to evaluate left ventricular function in HCT survivors. In 

the current study, there was a good correlation between GLS and VO2peak, and 25% of 

participants had markedly abnormal GLS, suggesting that subclinical left ventricular 

dysfunction may have partly contributed to the decline in VO2peak seen in our study 

participants. Reduced left ventricular longitudinal strain could contribute to impaired 

exercise cardiac output, and thus lower VO2peak. Future studies should evaluate the 
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myocardial response to exercise stress in order to elucidate mechanisms contributing to 

lower VO2peak and establish potential targeted therapies.

Even though functional capacity, as measured by 6MWT, was markedly impaired (72% of 

predicted) in our study participants, there was only a modest correlation between 6MWT 

and VO2peak. These findings emphasize the importance of both tests, as the 6MWT and 

CPET may provide distinct, but complementary information. The 6MWT was designed to 

assess physical functioning in relatively sedentary and deconditioned populations, while the 

CPET was designed for more fit populations.10, 14 Considering the heterogeneity in 

treatment exposures and severity of chronic health conditions in the HCT survivor 

population, it is important that both measures be integrated into the comprehensive 

assessment of functional capacity and physiologic reserves in this population.

There are important limitations that need to be considered when interpreting the findings of 

our study. The small sample size precluded detailed assessment of treatment-related and 

demographic modifiers of cardiovascular reserve capacity. In addition, the cross-sectional 

nature of our study limited our ability to describe longitudinal change in VO2peak and its 

impact on HRQOL over time. Given the long follow-up between HCT and CPET (median 

time from HCT ∼10 years), it is possible that those with especially low VO2peak after HCT 

may have died prematurely, and thus unable to participate in the current study. Therefore, 

any interpretations regarding VO2peak have to be tempered by our limitations of sample size 

and study design. Future studies will need to describe the natural history and trajectory of 

change in VO2peak following HCT, setting the stage for interventions to improve VO2peak. 

To date, there have been no studies to examine whether aerobic training can improve 

cardiovascular reserve capacity in HCT survivors. This is largely due to the paucity of 

information on the trajectory of change in VO2peak in these survivors, or subgroups that may 

be at highest risk for VO2peak impairment. This gap in knowledge is compounded by the 

recognition that in the general population, effective aerobic training interventions are ones 

that are able to address specific organ-system impairments, as needed.10, 28 Larger studies 

are therefore needed to not only characterize the extent of VO2peak impairment in a broader 

population (malignant, non-malignant diseases) of HCT survivors, but to also understand the 

organ-specific impairments that may contribute to its decline after HCT. Finally, it is 

important to note that CPET carries an additional cost as well as competency requirements, 

and may not be readily available in all clinical settings where HCT survivors are routinely 

seen. Additional studies are needed to evaluate the prognostic utility and the cost-

effectiveness CPET in this population of survivors.

In conclusion, we found that a comprehensive cardiopulmonary evaluation including CPET 

was safe and feasible in aging long-term HCT survivors. The preliminary findings from this 

study suggest that a detailed assessment of key organ systems (e.g. cardiac, pulmonary) may 

provide useful information regarding the etiology of VO2peak impairment in HCT survivors. 

Information from this and future studies has the potential to facilitate the development of 

tailored interventions aimed at reversal or arrest of decline in VO2peak,10, 28 and therefore, 

prevention of overt CVD with its attendant burden of morbidity and mortality.
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Figure 1. 
VO2Peak in HCT survivors compared to age- and sex-predicted values
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Table 1
Demographic and Medical Characteristics of Study Participants

Characteristics (N=20)

Sex, No. (%)

Female 10 (50)

Type of HCT, No. (%)

Allogeneic 10 (50)

HCT Conditioning, No. (%)

Myeloablative 14 (70)

Underlying Diagnosis, No. (%)

Non-Hodgkin Lymphoma 11 (55)

Acute Myeloid Leukemia 4 (25)

Acute Lymphoblastic Leukemia 4 (20)

Other 1 (5)

Cumulative Anthracycline Dose

Median, mg/m2 (Range) 200 (0-420)

Age at Assessment, No. (%)

≥65 years old 10 (50%)

Time Since HCT

Median, years (Range) 9.8 (3-20)

Karnofsky Score at Assessment

Median (Range) 90 (70-100)

Cardiovascular Risk Factors at Assessment, No. (%)

Hypertension 11 (55)

Diabetes 4 (20)

Dyslipidemia 14 (70)

Overweight/Obesity (>25 kg/m2) 7 (35)
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Table 2
Cardiopulmonary function and functional capacity in study participants

Variable Median (Range)

Data at rest

Heart rate (beats per minute) 74 (44-92)

Systolic blood pressure (mm Hg) 131 (119-149)

Diastolic blood pressure (mm Hg) 82 (52-106)

LV ejection fraction (%) 62 (54-68)

LV global longitudinal strain (%) -18.6 (-13.9-[-22.2])

TLC (predicted %) 100 (67-146)

FEV1 (predicted %) 101 (62-142)

FVC (predicted %) 96 (60-128)

DLCO (predicted %) 85 (50-96)

DL/VA (predicted %) 92 (66-114)

Hemoglobin (G/dL) 13.7 (10.2-15.0)

Exercise peak

Heart rate (beats/minute) 136 (101-179)

Predicted %, heart rate (beats/minute) 88 (71-103)

Systolic blood pressure (mm Hg) 172 (139-204)

Diastolic blood pressure (mm Hg) 93 (63-104)

VO2peak (mL/kg/min) 19.5 (13.1-31.8)

VO2peak <16 mL/kg/min, No. (%) 6 (30)

Predicted %, VO2peak (mL/kg/min) 78 (55-128)

Workload (W) 105 (31-200)

Respiratory exchange ratio 1.2 (1.0-1.4)

Functional Capacity

6MWT Distance (meters) 474 (244-640)

Predicted 6MWT Distance (%) 72 (38-105)

Abbreviations: LV, left ventricular; TLC, total lung capacity; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; DLCO, 
carbon monoxide diffusing capacity; DL/VA, carbon monoxide diffusing capacity/volume of air; VO2peak, peak oxygen uptake; mL, milliliter; kg, 

kilogram; 6MWT, six-minute walk test; min, minute; mm, millimeter); Hg, mercury.
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Table 3

Spearman correlation between VO2peak (mL/kg/min) and organ-specific and functional measures of health.

Variable Correlation coefficient (R) P-Value

LV ejection fraction (%) 0.10 0.71

LV global longitudinal strain (%) -0.67 <0.01

TLC (predicted %) 0.33 0.16

FEV1 (predicted %) 0.04 0.86

FVC (predicted %) 0.14 0.53

DLCO (predicted %) 0.32 0.17

DL/VA (predicted %) 0.15 0.52

Hemoglobin (G/dL) 0.28 0.23

Predicted 6MWT Distance (%) 0.52 0.02

Timed Up and Go (seconds) -0.12 0.63

Abbreviations: VO2peak, peak oxygen uptake; mL, milliliter; kg, kilogram; LV, left ventricular; TLC, total lung capacity; FEV1, forced expiratory 

volume in 1 second; FVC, forced vital capacity; DLCO, carbon monoxide diffusing capacity; DL/VA, carbon monoxide diffusing capacity/volume 
of air; 6MWT, six-minute walk test; min, minute; mm, millimeter).
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