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Abstract

Allogeneic hematopoietic cell transplantation (alloHCT) is a life-saving technology that can cure 

otherwise incurable diseases, but imposes significant physiologic stress upon recipients. This 

stress leads to short term toxicity and mid to long term physical function impairment in some 

recipients. Exercise interventions have demonstrated preliminary efficacy in preserving physical 

function in HCT recipients, but the role of these intervention prior to HCT (“prehabilitative”) is 

less known. We tested a 5-12 week, prehabilitative higher intensity home-based aerobic exercise 

intervention in a randomized study of alloHCT candidates. Of 113 patients screened, 34 were 

randomized to control or intervention groups, 16 underwent pre- and post-intervention peak 

oxygen consumption (VO2peak)testing, and 12 underwent pre- and post-intervention six minute 

walk distance (6MWD) testing. No significant differences in VO2peak or 6MWD were seen pre- to 

post-intervention between intervention and control groups, but final numbers of evaluable 

participants in each group were too small to draw inferences regarding the efficacy of the 

intervention. We conclude that the design of our prehabilitative intervention was not feasible in 

this pilot randomized study, and make recommendations regarding the design of future exercise 

intervention studies in alloHCT.
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Introduction

Allogeneic hematopoietic-cell transplantation (alloHCT) cures otherwise incurable diseases.
1 However, physiologic stress from alloHCT results in early toxicities that can lead to 

transplant-related complications and long term physical impairments in some survivors.2–5 

Stressors related to alloHCT include chemotherapy or radiation-related organ dysfunction, 

infection, and graft versus host disease. These stressors cause symptoms, which are 

prevalent before transplant from prior disease and therapy, and increase significantly in the 

early post-transplant period. Symptoms are associated with physical function impairment.6–8 

Transplant patients, caregivers and health care providers consistently identify preservation of 

physical function as an important long-term goal following transplant.9, 10 Patients with 

better physical function before transplant and in the early post-transplant period are more 

likely to survive and to have better long-term health.11, 12

Physical function is closely related to another underlying health concept, cardiorespiratory 

fitness (CRF). Though the concepts are not exactly the same, individuals with impaired 

function are more likely to have lower cardiorespiratory fitness, and individuals with higher 

function are likely to have higher cardiorespiratory fitness. Cardiorespiratory fitness is an 

objective measure of maximal oxygen extraction during intense exertion, obtained by 

cardiorespiratory exercise testing.13, 14 CRF is so strongly associated with survival in large 

patient populations that the American Heart Association has recommended that it should be 

measured routinely as a new “vital sign.”15 At least two recent studies have demonstrated 

that pre-HCT CRF predicts post-HCT survival. CRF is also linked to survival in other cancer 

patient populations..16–19

Because pre-HCT CRF is a prognostic marker that can be measured with gold standard 

testing, it is an attractive target for interventions designed to determine whether improving 

pre-HCT CRF might improve post-HCT survival and long term physical function. In other 

settings, such as surgery, pre-treatment interventions (“prchabilitation”) have been studied. 

Though the evidence is mixed, in part because of small studies with heterogeneous designs, 

it appears that prehabilitative interventions prior to surgery may be associated with improved 

pre-surgical functional capacity, reduced post-surgical toxicities, and preserved post-surgical 

function, in some settings.20–25

However, prehabilitative interventions have not been well studied prior to HCT. Because 

exercising at moderate to high intensity has been demonstrated to be an efficient way to 

improve CRF in a short period of time26–29 our group has been interested in applying 

interval-based higher intensity aerobic training (hereafter called “interval exercise training” 

or IET) to the pre-HCT period as a prehabilitative intervention. In a previous nonrandomized 

study, we demonstrated that home-based prehabilitative IET prior to HCT appeared to be 

associated with improvements in CRF, with more pronounced effects prior to alloHCT.30 

Therefore, we designed a follow-up study for patients preparing to undergo alloHCT in 

which we planned to randomize participants to home-based IET (intervention) or usual care 

(control) for a 5-12 week intervention period. We hypothesized that pre-alloHCT IET would 

be associated with greater improvements in CRF prior to alloHCT compared with usual care.
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Methods

This was a two-arm, single center randomized trial intended to assess the pre-transplant 

effectiveness of an interval exercise intervention among patients preparing to undergo 

allogeneic HCT. Participants between the ages of 18 and 75 years were recruited at the 

University of North Carolina from December 2015 to March 2017. To participate, patients 

had to be considered candidates for allogeneic HCT, with a schedule that would 

accommodate at least a 5 week pre-HCT exercise intervention, but not anticipated to have 

more than 12 weeks before HCT. Participants could not have comorbid illness that would 

preclude either maximal effort during exercise testing or participation in regular exercise 

programming as determined by the treating physician or study exercise physiologist.

All participants underwent cardiopulmonary exercise testing at baseline and at the time of 

HCT with cycle ergometry for the determination of peak oxygen uptake (VO2peak) and 

maximum heart rate (MHR) for exercise prescription, and additionally underwent 6-minute 

walk distance testing, as previously described according to published guidelines. 13, 16, 30, 31 

The graded exercise test was completed on a cycle ergometer (Monark 828E, Goteborg, 

Sweden). Participants were fitted with a facemask (NRB1, Hans Rudolph Inc., Kansas City, 

MO, USA) in order to ensure a secure seal around the nose and mouth. Respiratory gases 

were monitored continuously and analyzed with open-circuit spirometry using a calibrated 

metabolic cart (K4b2 Cosmed, Rome, Italy). Heart rate was monitored continuously 

throughout the duration of the protocol using a polar heart-rate strap (Model FT1, Polar Inc., 

Lake Success, NY, USA).

All participants were provided with a study accelerometer (Fitbit Surge, Fitbit Inc., San 

Francisco, CA, USA) at baseline and were instructed to wear the accelerometer throughout 

the duration of the study. All participants completed baseline and periodic symptom, quality 

of life, and physical function surveys using 16 questions from the PRO-CTCAE, the 

PROMIS 10-item Global Health instrument, and the PROMIS 20-item Physical Function 

instrument.

Participants were randomly assigned using numbered, sealed, envelopes to intervention or 

control groups, which determined subsequent activities between baseline evaluation and 

HCT. Exercise physiologists administering VO2peak and 6MWD tests were blinded to group 

assignment.

Intervention group participants were given verbal and paper instructions on how to perform 

IET. In brief, participants were individually counseled to discuss available local training 

resources and were encouraged to choose one or more modes of exercise (from a list that 

included walking, jogging, running, cycling, elliptical, or stair climbing) for IET sessions. 

Participants were directed to observe their heart rates on the FitBit Surge during IET 

sessions in order to achieve pre-defined and programmed target heart rates, calculated for 

each participant as 80% of the maximum heart rate (80% MHR) as determined by the CPET. 

During the first week of the intervention period, participants were asked to engage in 30 

minutes of walking, jogging and/or running at any intensity for 3-4 days. During weeks two 

and beyond, participants were asked to perform exercise sessions consisting of a five minute 
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warm-up followed by five 2-minute intervals targeting 80% MHR or beyond, interspersed 

with 3-minute bouts of lower-intensity recovery intervals. Each exercise session was 

designed to be 30 minutes in length. Participants were asked to engage in 3-4 exercise 

sessions per week during the IET intervention period. Participants were also provided with 

weekly motivational phone calls, and were given personalized step targets on the Fitbit 

Surge, with a goal of increasing average steps per day by approximately 10% each week.

Control group participants were provided with Fitbit Surges but did not receive instructions 

or information about IET, and did not receive instructions on how to use the Fitbit Surges for 

IET or step goal-setting beyond the basic functions of the Fitbit Surge. Control group 

participants did receive weekly scripted calls to match the number of contacts between 

groups, but were not provided with motivational messaging to increase total physical activity 

or physical activity intensity each week.

Statistical analysis

For the primary endpoint, change in VO2peak, a total sample size of 60 was chosen in order 

to have 85% power using a two-sided test at the 0.05 level to detect a 3.8ml/kg*min increase 

in VO2peak in the intervention relative to the control arm30. This calculation assumed a 

common standard deviation of VO2peak of 7ml/kg*min and a correlation between repeated 

measurements of 0.8, together implying a change score standard deviation of 4.5ml/kg*min.

For the primary endpoint, intention to treat and per protocol analyses were planned. These 

analyses used an analysis of covariance (ANCOVA) linear model, controlling for the 

baseline VO2peak, sex, age, and receipt of myeloablative vs reduced intensity conditioning, 

to compare change in VO2peak across arms. This test was conducted at the two-sided 5% 

significance level. The same model was used to obtain an estimated treatment effect along 

with 95% confidence intervals. All analyses were conduct in SAS, version 9.4 (SAS 

Institute, Cary, NC).

Results

A total of 113 patients who were potential candidates for alloHCT were screened for 

participation in the study (Figure 1). Of these, 18 were felt to be uncertain candidates for 

HCT, and 20 were felt not to be candidates for alloHCT on further review. 17 patients had 

insufficient time remaining before HCT to participate in the planned pre-HCT exercise 

protocol before the study could be discussed with them. 2 patients were too sick to 

participate in an exercise program. 4 had no working email address, which was a 

requirement for participation. 2 were unable to provide informed consent. 16 patients were 

approached for the study but declined participation. Thus, a total of 34 patients were 

enrolled and randomized. Enrollment stopped short of the planned 60 patient sample size 

because of challenges encountered with recruitment and feasibility.

Among the 34 patients enrolled, 17 were randomized to the intervention group and 17 were 

randomized to the control group. Of these, 11 patients did not proceed to HCT and came off 

study; these reasons included inadequate disease control (2), social concerns precluding 

transplantation (3), inability to identify a donor (3), comorbidity (1), and patient choice (2). 
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Three additional patients did proceed to HCT but could not complete baseline physiological 

testing because of transportation and scheduling issues. Four patients underwent baseline 

testing and ultimately proceeded to HCT, but could not undergo follow-up physiological 

testing for response evaluation; 3 of these patients encountered scheduling issues with the 

follow-up test, and in 1 patient, equipment technical difficulties precluded the follow-up test.

Thus, a total of 16 patients (6 intervention, 10 control) underwent baseline and follow-up 

testing and were evaluable for response assessment. Four of these patients completed the 

follow-up VO2peak test but not the 6MWD.

Characteristics of the 28 patients who completed baseline testing are presented in Table 1. 

The median age of this population was 52 years (range 28-73), and the most common 

underlying diagnosis was acute myeloid leukemia. The population was almost evenly split 

between planned myeloablative and reduced intensity conditioning. Most were white (68%), 

and non-Hispanic (86%). 50% of patients had at least a college degree, and over half of the 

participants were married or living with someone (61%). Approximately 30% of participants 

had a body mass index (BMI) greater than 30. Selected baseline patient reported outcomes 

are shown in Table 2. At baseline, participants reported significant symptom burden and 

impaired physical function. Approximately half reported at least mild levels of pain, fatigue, 

anxiety, and depressive symptoms, and 25% reported at least mild baseline shortness of 

breath. Baseline PROMIS mental health scores were comparable to the general population 

(median score 51, population norm 50) while physical health and physical function scores 

were somewhat lower (median scores of 45 and 46 with population norms of 50 each).

For the 16 patients who had baseline and follow-up physiological testing data available, and 

were thus evaluable for the primary endpoint, the median age was 52 (range 34-72), and 

over half (9) had acute myeloid leukemia as an underlying diagnosis. For these 16 patients, 

the median time between baseline testing and follow-up testing was 8.5 weeks (range 3-20 

weeks), which represented the intervention period. The median intervention period in the 

intervention group was 11 weeks (range 6-20 weeks) and the corresponding median period 

in the control group was 7 weeks (range 3-14 weeks). For the evaluable patients, the median 

time between follow-up testing and HCT was 5 days, which was similar in both intervention 

and control patients.

Results for the evaluable intervention and control patients are shown in Table 3. There were 

no significant differences in change scores for VO2peak or 6MWD between intervention and 

control groups, though the final evaluable population was too small to draw any meaningful 

conclusions about the effect of the intervention.

Discussion

We designed a randomized controlled trial to study the effect of a 5-12 week pre-alloHCT 

home-based prehabilitative interval exercise training program on cardiorespiratory fitness as 

measured by CPET and 6MWD. The most important message from our experience was that 

the intervention, as designed and tested in this study, was not feasible in the setting of a 

randomized controlled trial. Thus, we were unable to effectively test the hypothesis that 
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higher intensity aerobic interval exercise improves fitness during the pre-transplant period 

relative to usual care. This was a surprising conclusion in light of our previous 

nonrandomized prehabilitative exercise study that suggested that the intervention was 

feasible and efficacious.30 It is likely that chance variation resulting in a favorable cohort in 

our earlier study, combined with the enrollment time pressures in the randomized study, 

exposed vulnerabilities in our prehabilitative intervention design. However, we believe that 

there are several important lessons learned from our experience which we hope will inform 

future exercise intervention efforts in the field.

First, the timing for transplant exercise interventions may be critical. We initially avoided a 

peri-transplant design in part because of the negative results of the BMT CTN 0902 study. 

BMT CTN 0902 was a phase III trial that randomized participants to exercise training, stress 

management, combined exercise training and stress management, or neither intervention, 

with a primary endpoint of change in self-reported physical and mental function at Day 

100.32 This peri-transplant intervention was feasible, but the trial results did not demonstrate 

that either or both interventions resulted in an improvement in the primary endpoint. There 

were several potential explanations offered, including that the intervention was of 

insufficient intensity to result in quality of life improvement. Indeed, a partially supervised 

exercise program of higher intensity, also during the peri-transplant period, was associated 

with functional preservation and possibly improved survival.33, 34 These data are consistent 

with other studies suggesting benefit to exercise around the time of transplant.35–40 

Nonetheless, rather than working to optimize a peri-transplant intervention, we focused on 

the pre-transplant period as a potential widow of opportunity.

There are a few studies looking at entirely prehabilitative transplant exercise interventions, 

as was the case in our protocol. While feasible in the peri-HCT setting, it may be that 

exercise interventions that are entirely prehabilitative are less feasible. A primary reason for 

this is that, unlike surgical settings in which most candidates eventually proceed to surgery, 

the application of HCT is limited by an intention to treat issue. As our CONSORT diagram 

illustrated, many potential trial candidates were excluded on the basis of transplant 

ineligibility or uncertain transplant candidacy, or by an inability to appropriately time the 

intervention for those patients who were in fact proceeding to HCT. Even of the 34 patients 

randomized, including a selection for those likely to proceed to SCT, only 68% ultimately 

proceeded to transplant. In addition to the feasibility concerns for this particular study, this 

observation also raises broader issues about the generalizability of findings in any 

interventional HCT trial to the broader population of patients who might be considered 

eligible for HCT.

For future HCT exercise studies, we recommend that the timing and objectives of the 

intervention are carefully considered. If the intent is truly prehabilitative, then other 

populations with narrower and more achievable outcomes could be considered – such as 

exercise as an adjuvant to hematopoietic cell mobilization in patients preparing for 

autologous transplant, for which there are emerging data.41–43 Alternatively, exercise 

intervention could be studied as a means for improving transplant eligibility, by helping 

otherwise marginal candidates to become better candidates for the procedure. On the other 

hand, if the intent is to determine the impact of exercise upon post-transplant outcomes, then 
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it may be prudent to return to the peri-transplant period and focus on patients who are 

certain to proceed, by starting more intensive interventions closer to initiation of the 

transplant process and continuing through the peri-transplant period, as has been done in 

previous transplant exercise studies.

This brings us back to the issue of optimizing peri-transplant exercise intervention intensity. 

To that end, another important lesson learned from our study was the need for testing 

procedures to be as patient-friendly as possible in order to enable broad participation. In our 

study, we chose to use cardiopulmonary exercise testing to assess our primary outcome, as 

the gold standard assessment for aerobic fitness. We found out however, that despite having 

testing available on our transplant unit and administered by exercise physiologists who were 

part of the research team, many patients were not willing to come back to the transplant 

center for additional testing visits, and others were not able to complete testing because of 

other issues. Pragmatically, clinic-administered or home-based data collection may be 

preferable for future exercise intervention studies in order to avoid these issues. The 

emerging field of digital biomarkers may help in the future to provide solutions like this.44 

In the past, home-based VO2max estimates have been technically challenging to 

develop45, 46 though technology continues to improve47 with projects ongoing (http://

sagebionetworks.org/research-projects/cardiorespiratory-fitness-module/).

We also found that though we implemented a standardized home-based interval exercise 

testing program in order to try to control dose intensity of the intervention, the rigidity of the 

protocol was challenging from an adherence standpoint and may not have been optimally 

suited for participants of varying levels of baseline motivation and fitness. We recommend 

that future transplant exercise studies consider a more pragmatic and individually tailored 

approach to maximize adherence and acceptability. At the same time, these interventions 

must have sufficient intensity to overcome the presumed limitations of BMT CTN 0902. 

One approach would be to maintain a high frequency of remote patient contact through a 

longitudinal coaching program, while using wearable sensors to optimize home-based 

intensity in a way that is more individually tailored and achievable for participants of all 

levels of baseline fitness. This is the approach we are currently using as a response to the 

results of this study, and our experience to date reflects improvements in feasibility and 

adherence with high patient satisfaction.

In conclusion, we conducted a randomized study of a home-based, prehabilitative, interval 

exercise testing intervention for patients preparing for allogeneic hematopoietic cell 

transplantation. Unlike our earlier nonrandomized study, we encountered barriers to 

successfully completing our randomized study and did not find that the intervention was 

feasible. However, we hope that the lessons learned from our study can inform future 

exercise interventions in transplant so that patients can maximally benefit from exercise and 

hopefully improve transplant outcomes by increasing physical function and fitness.
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Figure 1: CONSORT Diagram.
113 patients were assessed for eligibility prior to allogeneic hematopoietic cell 

transplantation, of which 34 were randomized to intervention or control groups, 28 

underwent baseline testing, and 16 completed follow-up testing and were available for 

endpoint analysis.
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Table 1:
Baseline Patient Characteristics.

Data provided in this table correspond to the 28 patients who underwent baseline testing in the intervention 

(N=13) or control (N=15) groups. Groups are combined for purposes of overall cohort description.

Characteristic N (%)

Age Median (range) in years: 52 (28-73)

Gender

 Male 16 (57%)

 Female 12 (43%)

Race

 White 19 (68%)

 Black 6 (21%)

 Other 3 (11%)

Ethnicity

 Non-Hispanic 24 (86%)

 Hispanic 1 (4%)

 Other 3 (11%)

Education

 At least a college degree 13 (47%)

 No college degree reported 15 (53%)

Social support

 Living with anyone 17 (61%)

 Did not report living with anyone 11 (39%)

Body Mass Index

 BMI ≥ 30 8 (29%)

 BMI < 30 20 (71%)

Diagnosis

 AML 15 (54%)

 MDS 3

 ALL 3

 CML 1

 Hodgkin lymphoma 1

 Multiple myeloma 1

 Myelofibrosis 1

 Aplastic anemia 1

 Mantle cell lymphoma 1

 HLH 1

Conditioning regimen intensity
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Characteristic N (%)

 Myeloblative 13 (46%)

 Reduced 15 (54%)
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Table 2:
Baseline Patient Reported Outcomes.

Data provided in this table correspond to the 25 patients who provided baseline patient reported outcomes. 

Groups are combined for purposes of overall cohort description. Selected patient reported outcomes are shown 

to reflect selected symptom prevalence and patient function at baseline.

Characteristic N (%)

Pain frequency (PRO-CTCAE)

 Never 10 (36%)

 Rarely 7 (25%)

 Occasionally 5 (18%)

 Frequently 1 (4%)

 Almost constantly 2 (7%)

Fatigue severity (PRO-CTCAE)

 None 8 (29%)

 Mild 9 (32%)

 Moderate 5 (18%)

 Severe or very severe 3 (11%)

Shortness of breath severity (PRO-CTCAE)

 None 18 (64%)

 Mild 5 (18%)

 Moderate 2 (7%)

Depressive symptoms frequency (PRO-CTCAE)

 Never 12 (43%)

 Rarely 7 (25%)

 Occasionally 4 (14%)

 Frequently 2 (7%)

Anxiety symptoms frequency (PRO-CTCAE)

 Never 11 (39%)

 Rarely 7 (25%)

 Occasionally 6 (21%)

 Frequently 1 (4%)

Physical health (PROMIS Global) Median T score (range): 45 (30-62)

Mental health (PROMIS Global) Median T score (range): 51 (25-68)

Physical function (PROMIS Physical Function) Median T score (range): 46 (36-70)
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Table 3:
VO2peak and 6 minute walk distance results.

Data provided in this table correspond to the 16 patients who underwent baseline and follow-up VO2peak 

testing (results in ml/kg*min), and the 12 patients who underwent baseline and follow-up 6 minute walk 

distance testing (results in meters). There were no significant differences from baseline to follow-up in each 

group, nor were there significant differences between groups.

Group Variable Median

Control (N=10) Baseline VO2peak

Follow-up VO2peak

Change in VO2peak

15.8 ml/kg/min
17.2 ml/kg/min
+1.2 ml/kg/min

Intervention (N=6) Baseline VO2peak

Follow-up VO2peak

Change in VO2peak

20.3 ml/kg/min
20.7 ml/kg/min
+0.4 ml/kg/min

Control (N=8) Baseline 6MWD
Follow-up 6MWD
Change in 6MWD

444.1 meters
331.4 meters
−34.2 meters

Intervention (N=4) Baseline 6MWD
Follow-up 6MWD
Change in 6MWD

405.3 meters
412.2 meters
+5.3 meters
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