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Abstract

Purpose: Exercise intolerance is a common complication in survivors of allogeneic

hematopoietic stem-cell transplantation (allo-HSCT). The aim of this study was to

determine if cardiac function measured with echocardiography is associated with

exercise capacity measured with cardio-pulmonary exercise tests in long-term survi-

vors treated in their youth with allo-HSCT.

Methods: The study included 96 patients, of which 54.2% were female, aged 34.9

± 11.6 years and 17.7 ± 9.3 years after allo-HSCT. Reduced exercise capacity was

defined as <85% of predicted-peak oxygen uptake (VO2peak). Linear regression was

used in the prediction of VO2peak (ml/kg/min). Receiver operating characteristic eval-

uated the accuracy of predicting reduced exercise capacity.

Abbreviations: Allo-HSCT, allogeneic hematopoietic stem-cell transplantation; ANOVA/ANCOVA, analysis of variance/covariance; AUC, area under curve; BMI, body mass index; BOS,

bronchiolitis obliterans syndrome; CPET, cardio-pulmonary exercise test; CAYA, children, adolescents and young adults; FAC, fractional area change; FEV1, forced expiratory volume in 1 s; GLS,

global longitudinal strain; GVHD, graft versus-host-disease (aGVHD: acute, cGVHD: chronic); HDL, high-density lipoprotein; HR, heart rate; LV, left ventricular; LV-e', mean myocardial early

diastolic velocity; LDL, low-density lipoprotein; LVEF, left ventricular ejection fraction; LV-s', mean systolic myocardial velocity (average of septum and lateral annulus); LVSD, left ventricular

systolic dysfunction; MAPSE, mitral annular plane systolic excursion (average of septum and lateral annulus); MV, mitral valve; MVA, mitral valve late-diastolic wave velocity; MVDT, mitral valve

deceleration-time; MVE/A, ratio of mitral valve early diastolic wave velocity (MVE) to MVA; PASP, pulmonary artery systolic pressure; NT-ProBNP, N-terminal pro-b-type natriuretic peptide;

NYHA, New York Heart Association; RER, respiratory exchange ratio; ROC, receiver operating characteristic; RV, right ventricular; RV-s', right ventricular systolic velocity (average of septum and

lateral annulus); RVFWS, right ventricular free-wall strain; RV-GLS, right ventricular global longitudinal strain; RVSD, right ventricular systolic dysfunction; SBP, systolic blood pressure; STE,

speckle tracking echocardiography; TAPSE, tricuspid annulus plane systolic excursion; TRP, tricuspid regurgitation pressure; VIF, variance inflation factor.
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Results: VO2peak was 36.2 ± 7.7 ml/kg/min and 43 (44.8%) had reduced exercise

capacity. Left ventricular ejection fraction was 55.4 ± 5.9% and global longitudinal

strain (GLS) was �17.6% ± 2.0%. Left and right ventricular functions were signifi-

cantly lower in survivors with reduced exercise capacity. Increased body mass index,

lower physical activity score, reduced pulmonary function (by forced expiratory volume in

1-s) and reduced left ventricular systolic function (by GLS) were significant independent

predictors for reduced VO2peak. GLS was superior to other echocardiographical indices for

identifying reduced exercise capacity (area under curve = 0.64, p = 0.014).

Conclusions: Left ventricular systolic dysfunction measured by GLS is associated with

reduced exercise capacity in long-term allo-HSCT survivors.

K E YWORD S

cardio-pulmonary exercise test, echocardiography, global longitudinal strain, left ventricular
ejection fraction, peak ventilatory oxygen-uptake, three-dimensional echocardiography

1 | INTRODUCTION

Allogeneic hematopoietic stem-cell transplantation (allo-HSCT) is increas-

ingly being selected as a potentially curative therapy for young recipients

with malignant and non-malignant disease.1 In parallel with advances in

treatment, more recipients are surviving the initial years after transplan-

tation.2 Consequently, increased focus has been directed towards

improving quality of life by reducing therapy related complications.

A common complication in survivors of cancer therapies is exer-

cise intolerance. The main limiting factors for exercise capacity are

cardiac and pulmonary function, hematological capacity and metabo-

lism in skeletal muscle. In long-term survivors of allo-HSCT, the risk of

myocardial and pulmonary disease is elevated due to chemotherapy,

high rates of cardiovascular risk factors, graft-versus-host disease

(GVHD) and physical de-conditioning. A challenge for the clinician is

to identify cardiac dysfunction as the cause and to promptly initiate

treatment to prevent irreversible heart failure. Cardio-pulmonary

exercise tests (CPET) is a widely used method to differentiate reasons

for dyspnea. In addition, the acquirement of peak oxygen uptake

(VO2peak) provides valuable prognostic information on cardiovascular

related and all-cause mortality.3–5

Echocardiography provides confirmation of cardiac dysfunction and

insight into mechanisms for reduced exercise capacity. However, rela-

tionships between VO2peak and left ventricular (LV) systolic function by

echocardiography have been inconsistent. This is in part due to inade-

quacies with traditional measurements of left ventricular ejection fraction

(LVEF). Three-dimensional (3D) imaging and global longitudinal strain

(GLS) from speckle tracking echocardiography (STE) have shown to

improve sensitivity in detecting subtle effects of cardiotoxicity.6–10 As

such, these methods may align better with observations of oxygen

uptake. In particular, is the reported ability of GLS to predict functional

capacity in patients with myocardial dysfunction.11,12

Previous examinations in this cohort have shown a high preva-

lence of left ventricular systolic dysfunction (LVSD) that is strongly

associated with first-line anthracycline therapies.13 The present study

aims to determine if cardiac function measured with echocardiogra-

phy is associated with exercise capacity measured with CPET, in long-

term survivors of allo-HSCT treated in childhood, as adolescents or

young adults (CAYA). We hypothesize that modern techniques such

as 3D-LVEF or GLS are more accurate in determining relationships

with the prognostic marker of VO2peak (L/min/kg).

2 | METHODS

2.1 | Study design

This nationwide cross-sectional study was designed to include all sur-

vivors of allo-HSCT conducted at our institution in a multidisciplinary

study investigating the long-term effects of allo-HSCT. Eligibility cri-

teria were: Treatment at our national center for allo-HSCT, age

<30 years at transplantation, age >16 years at study inclusion and

>5 years follow-up time. Indications for allo-HSCT were malignant

and non-malignant diseases. Survivors with Hurler syndrome were

excluded due to the possibility of multi-organ pathology as part of

their primary disease. Written informed consent was obtained from all

participants, and the study was approved by the Regional Committee

for Medical and Health Research Ethics.

2.2 | Clinical assessment

All participants underwent a medical examinations, questionnaires

and blood sampling from June 2014 to February 2016. Dyspnea was

classified according to the New York Heart Association (NYHA).14

Anthracycline cumulative dosage was converted to isotoxic doses of

doxorubicin.15 Blood pressures were acquired after echocardiography

(>30 min), in the supine position as the average of three measure-

ments. Blood samples were collected after overnight fasting and

analyzed at the hospital laboratory. N-terminal pro-brain-type

6 MASSEY ET AL.
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natriuretic peptide (NT-proBNP) concentrations were determined by

an electrochemiluminescence immunoassay (Roche Diagnostics,

Basel, Switzerland). The lowest detectable level was 5n/L and manu-

facturer's recommendations were used for classifying elevated

NT-proBNP according to the age and sex specific cutoffs. Anemia was

defined as reduced hemoglobin (males: <13.5 g/dL and females:

<12 g/dL). Hypertension was defined as use of anti-hypertensive

drugs and/or systolic blood pressure (SBP) >140 mmHg or diastolic

blood pressure (DBP) >90 mmHg. Hypercholesterolemia was defined

as low-density lipoprotein (LDL) >4.1 mmol/L (160 mg/dl) or use of

lipid lowering medication. Diabetes mellitus was identified by hemo-

globin HBA1c >6.5% (48 mmol/mol), fasting glucose ≥7.0 mmol/L or

current use of glucose-lowering medication. Obesity was classified as

body mass index (BMI) ≥30 kg/m2. Acute graft-versus-host disease

(aGVHD) was graded by Glucksberg scales and chronic GVHD

(cGVHD) was graded by Shulman scales.16,17

2.3 | Physical activity

Physical activity was quantified from a self-reported questionnaire

(HUNT 2/3) that has been validated against measurements of VO2peak,

METS calculations and international physical activity questionnaires in a

comparative population.18 This calculated physical activity during a week

as the product of weighted scores for the categories of frequency (scores

of 0, 0.5, 1, 2.5, 5.0 ranging from ‘never’ to ‘almost every day’), intensity
(scores of 1.0, 2.0, 3.0 ranging from ‘light exercise’ to ‘near-exhaustion’)
and duration (scores of 0.1, 0.38, 0.75, 1.0 ranging for ‘<15 min’ to

‘>60 min’).18 The range is 0 to 15 and higher values reflect greater

weekly physical activity. An example: Exercising 2–3 times a week, for a

total 60–180 min at a moderate intensity gives a physical activity score

of 3.75. This scoring system generates a numerical scale that can be used

to quantify the level of physical activity.

2.4 | Pulmonary function

Spirometry was conducted as recommended by European Respiratory

Society.19 Pulmonary function in this cohort has previously been

described.20 For the present study, we used forced expiratory volume

in 1-s (FEV1) to represent lung function. The rational was two-fold;

FEV1 is readily attainable, and is strongly associated with bronchiolitis

obliterans syndrome (BOS), which is the most clinically relevant respi-

ratory disorder in this cohort. Percent of predicted-FEV1 was calcu-

lated for each individual using recommended equations that adjust for

race, ethnicity, sex and height.21 BOS was defined according to the

National Institutes of Health (NIH) Consensus Criteria.22

2.5 | Cardio-pulmonary exercise test

CPET was conducted after echocardiography by experienced person-

nel at our institution. The test was performed on a treadmill

(TechnoGym Runrace) using the modified Balke protocol.23 Incremen-

tal changes in ventilatory parameters were measured at regular inter-

vals with Vyntus-CPX (CareFusion). Predicted-VO2peak and percent of

predicted-VO2peak were calculated for each individual based on equa-

tions that adjust VO2peak by age and sex in a healthy control popula-

tion.24 Reduced exercise capacity was defined as VO2peak < 85% of

predicted as recommended.25 Oxygen-pulse was calculated by divid-

ing VO2peak by maximal heart rate, and predicted oxygen-pulse by

dividing percent of predicted-VO2peak by maximal heart rate.25

2.6 | Echocardiography

Transthoracic echocardiograms were performed using Vivid-E9 scan-

ners, M5S-D/M5Sc-D (1.5–4.6 MHz) and 4 V-D (1.5–4.0 MHz)

probes and dedicated software (Echo-PAC v113.1.3; GE-Healthcare).

The study followed current guidelines set by European Association of

Cardiovascular Imaging and American Society of Echocardiography

for the evaluation of LV and RV function, categorization of diastolic

dysfunction and elevated filling pressures.26–28 Scanner settings were

optimized and measurements were averaged from a minimum of three

consecutive heart cycles. All examinations were conducted and ana-

lyzed by the same experienced investigator (R.J.M), en-bloc and in

random order after the last inclusion. After acquisition and prior to

analyses, all echocardiograms were de-identified and the investigator

was blinded to medical treatments and CPET results. Parameters of

systolic, diastolic and RV function were measured at separate occa-

sions to reduce bias. Detailed technical description of echocardiogra-

phical methods, including variability tests and findings from analyses

of LV and RV function have previously been published.13,29 Measures

of diastolic function included transmitral Doppler, myocardial tissue

velocities (TVI), tricuspid regurgitation peak (TRP) and left atrium vol-

ume. Longitudinal strain of the RV by STE was calculated by two

methods: RV-global longitudinal strain (RV-GLS) as the average value

from six segments including free-wall and septum, and RV free-wall

strain (RVFWS) as the average of the three free-wall segments. Left

ventricular systolic dysfunction (LVSD) was defined as reduced 2D-

LVEF (male: <52% and female: <54%) and/or GLS ≥�17%.13 Right

ventricular systolic dysfunction (RVSD) was defined as reduction of at

least two of the parameters: Fractional area change (FAC) <35%, tri-

cuspid annular plane systolic excursion (TAPSE) <17 mm, RV systolic

myocardial velocity (RV-s') <9.5 cm/s, RV free-wall strain (RVFWS)

>�20%, and RV index of myocardial performance (RIMP) >0.54.26 Pul-

monary artery systolic pressure (PASP) was calculated from TRP using

the Bernoulli equation plus right atrium pressure estimated by size

and respiratory variation of the inferior vena cava.30

2.7 | Statistical analysis

Statistical analysis was conducted with SPSS version-25 (SPSS, Inc.)

and p < 0.05 was considered significant. Histograms and Shapiro–Wilk

test were used to assess normality. Continuous data are reported as

MASSEY ET AL. 7
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mean ± standard deviation or as median (25th, 75th percentile), and

categorical data as numbers and percentages. Student's t test, One-

way analysis of covariance (ANCOVA) and Mann Whitney U were

used to compare continuous data. Chi-square and Fisher's exact test

were used for comparisons of categorical data.

Cardiac function was compared in participants with normal

(VO2peak > 85% of predicted) verse reduced (VO2peak < 85% of pre-

dicted) exercise capacity. ANCOVA was used to control for potential

confounders to cardiac function created by this sub-grouping. Covari-

ates included age at examination, BMI, heart rate (HR) and SBP. An

additional supplementary analysis with ANCOVA, Kruskal–Wallis test

and with Bonferroni correction was used to compare cardiac function

between participants with mildly reduced (75%–85% of predicted-

VO2peak), moderately reduced (<75% of predicted-VO2peak) and nor-

mal exercise capacity (>85% of predicted-VO2peak) (Table S1).

Pearson bivariate correlations determined the presence of linear

relationships. Univariable and multivariable linear regressions were

used to determine significant explanatory variables for VO2peak

(ml/kg/min). The multivariable analysis included a priori selected vari-

ables considered as central determinants for exercise capacity, and

/or variables with p < 0.2 in the univariable analysis. All continuous

variables were standardized and values presented with beta, confi-

dence intervals and p value. Assumption testing included histograms,

residual plots and assessment of multi-collinearity by Pearson correla-

tions, tolerance and variance inflation factor (VIF). Considerations

were made to avoid over-fitting. Pairwise omission was chosen to

handle missing data. Receiver operating characteristics (ROC) were

performed and areas under the curve (AUC) calculated to test the

parameter's ability to identify patients with reduced exercise capacity.

3 | RESULTS

Two-hundred and ninety patients received allo-HSCT in the time

frame specified for this study. Of these, 131 (45.2%) died prior to

study start and two were excluded due to incomplete patient files

(Figure 1). One-hundred and fifty-seven were eligible for inclusion, of

which 104 (66.2%) were examined with echocardiography, spirometry

and blood tests, and 96 (61.1%) examined with CPET. Eight partici-

pants were excluded from with CPET due to musculoskeletal disor-

ders (n = 3), significant systemic hypertension and reduced cardiac

function (n = 2), suspected coronary artery disease or abnormalities

(n = 2) and congenital aortic stenosis (n = 1).

3.1 | Patient characteristics

Table 1 shows patient characteristics and treatments. In the 96 survi-

vors who completed both echocardiography and CPET: 52 (54.2%)

were female, 34.9 ± 11.6 years of age at examination and with a

follow-up time of 17.7 ± 9.3 years. Malignant diseases were the most

common (74.0%, of which 56.3% were female) indications for allo-

HSCT. In patients with malignant diseases, 43 (44.8%, 60.5% were

female) received first-line therapies with anthracyclines and two

(2.1%) were treated with mediastinal radiotherapy. The median iso-

toxic cumulative anthracycline dosage was 270 mg/m2 and values

ranged from 45 to 585 mg/m2. The majority received standardized

myeloablative conditioning regimes consisting of busulfan and cyclo-

phosphamide. Seven survivors had mild anemia (hemoglobin >10.9 g/

dL). Thirteen (13.5%) were obese (≥30 kg/m2). Hypertension was

found in 37 (38.5%) and 30 (31.3%) used anti-hypertensive

medication.

3.2 | Pulmonary function

FEV1 was 3.27 ± 0.81 L/s, and percent of predicted-FEV1 was 88.4%

± 17.8%. Percent of predicted-FEV1 was significantly lower in survi-

vors with BOS (56.0% ± 15.2% vs. 92.1% ± 13.9%, p < 0.001), anthra-

cycline exposure (83.3% ± 18.2% vs. 92.6 ± 16.5%, p = 0.010) and

LVSD (83.6% ± 20.1% vs. 92.2% ± 14.9%, p = 0.018). BOS was diag-

nosed in 10 (10.4%), of which five were female, eight (80%,

p = 0.012) had cGVHD and seven had co-existing LVSD (70%,

p = 0.098).

3.3 | CPET and exercise capacity

The main findings from CPET are summarized in Table 2. All individ-

uals were exercised to peak effort: Borg scale ≥18 and/or respiratory

exchange ratio (RER) ≥1.10. VO2peak was significantly higher in males

(male: 39.5 ± 6.7 ml/kg/min vs. female: 33.4 ± 7.5 ml/kg/min,

p < 0.001). Percent of predicted-VO2peak was similar between sexes

(male: 85.5% ± 13.2% vs. female: 91.5% ± 21.1%, p = 0.096), although

F IGURE 1 Flow chart of patient inclusion.

8 MASSEY ET AL.
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significantly lower in survivors who were obese (78.4% ± 13.5%

vs. 90.4% ± 18.2%, p = 0.026), had BOS (76.5% ± 15.0% vs. 90.2%

± 18.0%, p = 0.023) and treated with anthracyclines (84.7% ± 15.6%

vs. 92.0% ± 19.4%, p = 0.049).

Forty-three (45.8%) survivors had reduced exercise capacity

(VO2peak < 85% of predicted). Collectively, survivors with reduced exer-

cise capacity differed from survivors with normal exercise capacity by

younger age (31.2 ± 11.8 years vs. 37.9 ± 10.6 years, p = 0.005), shorter

follow-up time (15.2 ± 5.9 years vs. 18.8 ± 4.7 years, p = 0.001), sex

(male: 55.8% vs. female: 44.2%, p = 0.077) and larger BMI (25.4

± 6.1 kg/m2 vs. 23.3 ± 3.9 kg/m2, p = 0.052). In addition, a higher preva-

lence of BOS (18.6% vs. 3.8%, p = 0.039), LVSD (55.8% vs. 34.0%,

p = 0.032), higher frequency of dyspnea (NYHA ≥II, 41.9% vs. 13.2%,

p = 0.001) and trend towards lower levels of physical activity (median

scores: 2.0 vs. 3.8, p = 0.056) were found in the group with reduced

exercise capacity. Oxygen-pulse was significantly higher in males (male:

16.3 ± 4.0 ml/beat vs. female: 12.3 ± 2.4 ml/beat, p < 0.001), although

percent of predicted equivalents of oxygen-pulse did not significantly dif-

fer (male: 84.1% ± 19.8% vs. female: 91.5% ± 19.1%, p = 0.065). Forty-

four (44.8%) survivors had reduced oxygen-pulse (<85% of predicted

oxygen-pulse).

3.4 | Echocardiography and cardiac function

Good image quality allowed high reproducibility.13,29 2D-LVEF was

55.4% ± 5.9% (range: 35% to 69%) and GLS was �17.6% ± 2.0%

(range: �11.3% to �20.8%). LVSD was present in 42 (43.8%). Twelve

(12.5% in total) had symptomatic LVSD (NYHA ≥II), of which 11 also

had reduced exercise capacity. Elevated filling pressures were catego-

rized in 21 (21.9% of total) with LVSD. RVSD occurred in 13 (11.5%

of total, 11 had co-existing LVSD) and diastolic dysfunction in the

absence of LVSD was present in six (6.3%). Valvular heart disease was

rare and no lesions were severe. Estimated PASP was less than

37 mmHg for all individuals.

TABLE 1 Survivor characteristics

Variable
All survivors
(n = 96)

Age at allo-HSCT (years) 17.7 ± 9.3

Years to follow-up (years) 17.2 ± 5.6

Age at examination (years) 34.9 ± 11.6

Female gender 52 (54.2)

Body mass index (BMI) (kg/m2)a 24.2 ± 5.1

BMI ≤18 kg/m2 8 (8.3)

BMI ≥30 kg/m2 13 (13.5)

Systolic blood pressure (mm Hg)a 121 ± 17

Diastolic blood pressure (mm Hg)a 71 ± 12

Heart rate (bpm)a 68 ± 11

Malignant/non-malignant disease 71 (74.0) / 25 (26.0)

Mediastinal radiotherapy 2 (2.1)

Anthracyclines 43 (44.8)

Cum. Anthracycline dosage (mg/m2) 270 (140, 435)

Dosage >300 mg/m2 20 (20.8)

Myeloablative conditioning: 94 (97.9)

Chemotherapy (Bu/Cy) 88 (91.7)

Chemotherapy + TBI 6 (6.3)

No conditioning required 2 (2.1)

Graft-versus-host disease (GVHD) 62 (64.6)

Acute GVHD 25 (26.0)

Chronic GVHD 11 (11.5)

Both 26 (27.1)

New York Heart Association (NYHA)

Class-I 71 (74.0)

Class-II 15 (15.6)

Class-III 10 (10.4)

Class-IV 0 (0)

Physical activity

Physical activity score 3.8 (1.5, 5.0)

Risk factors

Hypertension 37 (38.5)

Diabetes mellitus 2 (2.1)

Hypothyroidism 8 (8.3)

Hypercholesterolemia 13 (13.7)b

Smoking 26 (27.1)b

Current 10 (10.4)

Previous 16 (16.7)

Anemiab 7 (7.3)

Bronchiolitis obliterans syndrome (BOS) 10 (10.4)

Left ventricular systolic dysfunction
(LVSD)

42 (43.8)

Laboratory parameters

NT-proBNP (ng/L) 48 (22, 83)

Elevated NT-proBNPc 14 (14.6)

High-density lipoprotein (mmol/L) 1.5 ± 0.4

Low-density lipoprotein (mmol/L) 3.0 ± 0.8b

Hemoglobin (g/ml)d 14.3 ± 1.3

(Continues)

TABLE 1 (Continued)

Variable
All survivors
(n = 96)

P-CK-MB (μg/L) 1.5 (1.1, 2.4)

Glomerular filtration rate (<60 ml/
min/1.73 m2)

5 (5.2)

Creatinine (μmol/L) 76 (68, 89)

C-reactive protein (mg/l)e 1.6 (0.6, 3.1)

Note: Data presented as mean ± SD, median (25th, 75th percentiles) or
number (%).
Abbreviations: NT-proBNP, N-terminal pro-brain-type natriuretic peptide;
P-CK-MB, plasma-creatine kinase-myocardial band; TBI, total body
irradiation.
aMeasured at echocardiography.
bn = 95.
cElevated NT-proBNP = age 18–44 years male >86 ng/L, female 18–
44 ng/L > 130 ng/L; age 45–54 years male >121 ng/L, female >249 ng/L.
dHemoglobin in males <13.5 g/dL and females <12 g/dL.
eCRP lowest recordable value was 0.6 mg/L.

MASSEY ET AL. 9
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Tables 3 and S1 shows cardiac function by echocardiography in

all participants and in the sub-groups with normal and reduced exer-

cise capacity. The greatest levels of cardiac dysfunction corresponded

to lowest levels of absolute or predicted values of oxygen uptake.

Left- and right ventricular function remained significantly reduced

after controlling for possible confounders. Significant group differ-

ences for LV systolic function remained after the removal of individ-

uals with BOS (seven with co-existing LVSD). Survivors with LVSD

had lower values of percent of predicted-VO2peak (LVSD: 86.1%

± 18.5% vs. non-LVSD: 90.8% ± 17.7%, p = 0.207) and predicted

oxygen-pulse (LVSD: 83.9 ± 15.3% vs. non-LVSD: 91.4% ± 22.1%,

p = 0.050). A diagnosis of LVSD increased the likelihood of reduced

VO2peak (OR 2.5, 95% CI 1.0 to 5.2, p = 0.032). Survivors with 2D-

LVEF <50% had lower percent of predicted-VO2peak (80.0% ± 11.7%

vs. 90.2% ± 18.7%, p = 0.050) and trend towards reduced percent of

predicted oxygen-pulse (79.3% ± 14.0% vs. 89.6% ± 20.2%,

p = 0.071).

3.5 | Predictors of VO2peak

VO2peak (ml/kg/min) significantly correlated with BMI (R = �0.45,

p < 0.001), oxygen-pulse (R = 0.43, p < 0.001), mean myocardial

early-diastolic velocity (LV-e', R = 0.37, p < 0.001), FEV1 (R = 0.35,

p < 0.001), physical activity score (R = 0.32, p < 0.001), age at exami-

nation (R = �0.32, p = 0.002), transmitral deceleration-time (MVDT,

R = �0.31, p = 0.002), ratio of early and late transmitral velocity

(MVE/A, R = 0.27, p = 0.007) and ratio of early diastolic filling velocity

and e' (E/e', R = 0.25, p = 0.016). Regression analysis for the predic-

tion of VO2peak is presented in Table 4. Assumptions for regression

were satisfied: Pearson's correlations <0.5, tolerance >0.6 and VIF

<1.5 indicating limited risk of multi-collinearity. Anthracyclines were

negatively correlated with both cardiac and pulmonary function and

hence not included in the multivariable model. E/e' was considered

the most representative parameter for elevated filling pressures.

Permutations with different indices of LV systolic and RV function

were tested. LV systolic function represented by GLS (β = �0.18,

p = 0.030), but not 3D-LVEF (β = 0.14, p = 0.122) or 2D-LVEF

(β = 0.09, p = 0.305) was found to predict VO2peak. Unadjusted FEV1

and BOS as a categorical variable (also significant) were tested sepa-

rately to control for effects of pulmonary diseases. In the final predic-

tion model, the variables of sex, BMI, physical activity score, GLS and

FEV1 were found to be significant independent predictors for

VO2peak.

ROC analysis showed percent of predicted-FEV1 (but not unad-

justed values of FEV1) and GLS to have similar and fair abilities to

correctly identify survivors with reduced exercise capacity: Percent

of predicted-FEV1 (AUC 0.66, 95% CI: 0.55–0.77, p = 0.007) and

GLS (AUC 0.64, 95% CI: 0.53–0.75, p = 0.014). Other parameters

of cardiac function failed to significantly predict survivors with

reduced exercise capacity. A GLS cut-off value of �18% gave a sen-

sitivity of 67% and specificity of 62% for correctly identifying survi-

vors with reduced exercise capacity. The prediction abilities

increased mildly when tested with the combined probabilities of

GLS and percent of predicted-FEV1 (AUC 0.70, 95% CI: 0.59 to

0.81, p = 0.001).

3.6 | N-terminal pro-brain-type natriuretic peptide

Median value of NT-proBNP was 48 ng/L (range 6–668 ng/L). Ele-

vated NT-proBNP was found in 14 (14.6%), including nine (64.3%)

with impaired LV and/or RV function identified by echocardiography.

NT-proBNP significantly correlated with multiple parameters related

to cardiac function, most prominently: 2D-LVEF (R = �0.38,

p < 0.001), TRP (R = 0.37, p = 0.002), MAPSE (R = �0.36, p < 0.001),

LV-s' (R = �0.34, p = 0.001), 3D-LVEF (R = �0.34, p = 0.002,

p = 0.005), oxygen-pulse (R = �0.30, p = 0.003), RV-GLS (R = 0.29,

p = 0.007), GLS (R = 0.26, p = 0.011), E/e' (R = 0.26, p = 0.012), car-

diac output (R = �0.24, p = 0.022), RV-s' (R = �0.23, p = 0.024) and

FAC (R = �0.23, p = 0.024). NT-proBNP was not significantly

(p = 0.429) associated with VO2peak in the multivariable regression.

4 | DISCUSSION

In this cohort, 46% of long-term survivors of allo-HSCT who were

treated as children, adolescents and young adults (CAYA) were found

to have reduced exercise capacity. With modern echocardiographical

techniques such as GLS, we showed that LV systolic function was a

significant and independent predictor for VO2peak (ml/kg/min). We are

not aware of previous literature reporting similar findings in survivors

of allo-HSCT.

Recently, we reported on pulmonary function in relation to

cardio-respiratory fitness in this cohort.20 We found that reduced gas

diffusion (DLCO), physical de-conditioning (low VO2peak in absence of

cardiac (LVEF) or pulmonary limitations) and low 2D-LVEF as factors

associated with reduced percent of predicted-VO2peak.
20 This

TABLE 2 Summary of CPET results for allo-HSCT
survivors (n = 96)

Variable Value (n = 96)

Peak heart rate (bpm) 181 ± 15

Oxygen-pulse (ml/beat) 14.1 ± 3.8

Percent of predicted oxygen-pulse (%)a 88.1 ± 19.7

<85% predicted oxygen-pulse (%) 44 (45.8%)

VO2peak (l/min) 2.6 ± 6.7

VO2peak (ml/kg/min) 36.2 ± 7.7

VO2peak < 40 ml/kg/min 69 (66.3%)

VO2peak < 30 ml/kg/min 25 (26.0%)

Percentage of predicted-VO2peak (%)a 88.8 ± 18.1

<85% of predicted-VO2peak (%) 43 (44.8%)

Note: Data presented as number (%), mean ± SD.
aValues adjusted by age and sex.
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complimentary study differs by describing in detail cardiac function

(beyond 2D-LVEF) in survivors and in those individuals found to have

reduced exercise capacity.

Exercise capacity (VO2peak) is affected by many non-cardiac fac-

tors that are taken into consideration in calculations of predicted

values. In common with previous studies, we found sex, BMI and

physical activity to be significantly associated with VO2peak. Other

potential factors to consider in this cohort are the temporal aspects of

age at transplantation and follow-up time. Treatment at a young age

may disrupt growth and development, while the long follow-up time

TABLE 3 Cardiac function by echocardiography in survivors with normal (VO2peak > 85% of predicted) and reduced exercise capacity
(VO2peak < 85% of predicted)

Variable All survivors

Normal exercise

capacity

Reduced exercise

capacity

p

valuea
Adjusted

p valueb

Number 96 53 (55.2) 43 (44.8) – –

VO2peak (ml/kg/min) (range) 36.2 ± 7.7 (19–54) 39.4 ± 6.6 (28–54) 32.3 ± 7.2 (19–44) <0.001 –

Peak heart rate (bpm) 181 ± 15 179 ± 15 183 ± 15 0.198 –

Oxygen-pulse (ml/beat) 14.1 ± 3.8 15.1 ± 4.1 12.9 ± 2.9 0.003 –

Predicted oxygen-pulse (%) 88.1 ± 19.7 96.4 ± 17.9 77.9 ± 16.8 <0.001 –

Anthracycline exposure 43 (44.8) 21 (39.2) 22 (51.2) 0.258 –

Anthracycline dosage

(mg/m2)

0 (0, 219) 0 (0, 207) 45 (0, 219) 0.477 –

NT-proBNP (ng/l) 48 (22, 83) 47 (27, 82) 50 (18, 93) 0.583 –

NYHA (grade ≥ II) 25 (26.0) 7 (13.2) 18 (41.9) 0.001 –

Systolic function

Cardiac output (l/min) 4.77 ± 1.13 (n = 95) 4.70 ± 1.16 (n = 52) 4.86 ± 1.11 0.502 0.140

2D-LVEF (%) 55.4 ± 5.9 56.3 ± 5.5 54.3 ± 6.3 0.095 0.052

3D-LVEF (%) 54.1 ± 4.9 (n = 83) 55.0 ± 4.4 (n = 49) 52.9 ± 5.4 (n = 34) 0.057 0.046

GLS (%) �17.6

± 2.0 (n = 94)

�18.0 ± 1.9

(n = 52)

�17.1 ± 2.0 0.022 0.043

MAPSE (mm) 13.1 ± 2.0 13.2 ± 2.1 12.9 ± 1.9 0.373 0.124

LV-s' (cm/s) 8.1 ± 1.7 8.0 ± 1.8 8.3 ± 1.5 0.357 0.605

Diastolic function

MVDT (ms) 160 ± 39 160 ± 33 160 ± 46 0.949 0.199

MVE/A ratio 1.6 ± 0.8 1.7 ± 0.9 1.6 ± 0.7 0.671 0.387

e' (cm/s) 11.1 ± 3.1 11.0 ± 3.2 11.2 ± 3.0 0.695 0.299

E/e' 6.4 ± 2.1 6.5 ± 2.4 6.4 ± 1.7 0.870 0.867

Right ventricular function

FAC (%) 41.1 ± 5.3 40.9 ± 5.0 41.5 ± 5.6 0.576 0.759

RVFWS (%) �27.0

± 4.4 (n = 89)

�27.4 ± 4.5

(n = 51)

�26.4

± 4.1 (n = 38)

0.319 0.041

RV-GLS (%) �21.8 ± 3.2

(n = 89)

�22.1 ± 3.3

(n = 51)

�21.4 ± 3.1

(n = 38)

0.268 0.021

TAPSE (mm) 20.8 ± 3.7 20.9 ± 3.8 20.7 ± 3.6 0.876 0.734

RV-s' (cm/s) 11.1 ± 2.2 (n = 95) 10.9 ± 2.2 (n = 52) 11.3 ± 2.3 0.392 0.633

TRP (mmHg) 17.7 ± 3.4 (n = 72) 17.8 ± 3.6 (n = 41) 17.6 ± 3.1 (n = 31) 0.749 0.822

Note: Values presented as number (%), mean ± SD (and range) or median (25th, 75th percentiles). Significant p values (<0.05) are in boldface.

Abbreviations: e', Mean myocardial early-diastolic velocity; E/e', MVE:e' ratio; FAC, fractional area shortening; GLS, global longitudinal strain; LV, left

ventricular; LVEF, LV ejection fraction; LV-s', LV systolic myocardial velocity (average of septum and lateral annulus); MAPSE, mitral annular plane systolic

excursion (average of septum and lateral annulus); MV, mitral valve; MVDT, MV deceleration-time; MVE/A, ratio of MV early-diastolic wave velocity (MVE)

to MV late-diastolic wave velocity (MVA); NT-ProBNP, N-terminal pro-b-type natriuretic peptide; RV, right ventricular; RVFWS, RV-free-wall strain; RV-

GLS, RV-global longitudinal strain; RV-s', RV systolic velocity (average of septum and lateral annulus); TAPSE: tricuspid annulus plane systolic excursion;

TRP, tricuspid regurgitation pressure.
aComparison between survivors with normal and reduced exercise capacity made with Student's t test, Mann–Whitney U test, Chi-square and Fisher's

exact test.
bANCOVA with covariates of age at examination, BMI, heart rate at echocardiography and systolic blood pressure at echocardiography.
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prolongs de-conditioning, increases the risk of accumulating cardio-

vascular risk factors and promotes sedentary lifestyles. However, it

should be recognized that this cohort represents survivors that have

evaded the most serious short-term complications and have benefited

from long recovery times. Hence, follow-up regimes in young recipi-

ents of allo-HSCT should encourage healthy lifestyles and include

exercise rehabilitation.

A distinct feature of this cohort was the complex and unique set

of risk factors for reduced oxygen uptake. Deciphering the effects

related to cardiac dysfunction was compounded by co-existing pulmo-

nary disorders. The results showed cardiac and pulmonary dysfunction

to have similar levels of association with reduced exercise capacity.

Cardiac dysfunction as an explanatory factor was supported by corre-

sponding reductions in oxygen-pulse. The presumed causes for car-

diac dysfunction are myocardial impairment and reduced contractility

induced by anthracyclines, and the secondary effects from cardiovas-

cular risk factors such as increased afterload due to hypertension. Pul-

monary dysfunction may have arisen from complications from

chemotherapy, and/or the effects of BOS secondary to chronic

GVHD. These findings illustrate the importance of considering both

heart and lung dysfunction as reasons for exercise intolerance in sur-

vivors of allo-HSCT.

Echocardiography performed at rest is a surrogate measure of

actual myocardial function during exercise. However, multiple studies

(mostly unrelated to cardiotoxic therapies) have shown relationships

between functional capacity and echocardiographical measurements

of systolic function,11,12,31 diastolic function32,33 and RV function.34,35

In this cohort, we found multiple and overlapping phenotypes of car-

diac dysfunction. Most common (44%) were cases of mild to moderate

LVSD that were strongly associated with RVSD.13 A categorization of

LVSD gave a significant increase in risk (OR 2.5) for reduced exercise

capacity. Arguably, clinically relevant reductions in oxygen uptake

were reserved to cases with readily identifiable cardiac dysfunction

(2D-LVEF <50%). Comparisons also showed RV function (RV strain) to

be lower in survivors with reduced exercise capacity. However, the

effects of reduced RV function were conditional to the presence of

co-existing LVSD and were not significant enough to independently

predict VO2peak alone. Elevated filling pressures were found in

approximately half of the cases with LVSD. The consequences of ele-

vated filling pressures in this study are not entirely known. Parameters

of diastolic function (measured at rest) were significantly correlated

with VO2peak, however were not significant in multivariable regres-

sions. This may be due to interactions with factors of BMI, age and

blood pressure.

TABLE 4 Linear regression for the prediction of VO2peak (ml/kg/min)

Univariable Multivariable R = 0.752 r2 = 0.565

Variable β 95% CI p value β 95% CI p value

Gender (female) 0.79 0.41–1.16 <0.001 0.69 0.34–1.04 <0.001

Age at examination (years) �0.32 �0.51 to �0.12 0.002 �0.07 �0.23 to 0.10 0.427

Body mass index (kg/m2) �0.45 �0.64 to �0.27 <0.001 �0.49 �0.66 to �0.32 <0.001

Physical activity score 0.32 0.13–0.52 <0.001 0.23 0.08–0.39 0.003

NT-proBNP (ng/L) �0.19 �0.39 to 0.01 0.065 �0.07 �0.24 to 0.10 0.429

Pulmonary function

FEV1 (l) 0.35 0.16–0.55 <0.001 0.22 0.06–0.39 0.010

Predicted-FEV1 (%) 0.13 �0.08 to 0.33 0.215

BOS (yes/no) �0.51 �1.17 to 0.15 0.128

Cardiac function

2D-LVEF (%) 0.03 �0.17 to 0.24 0.748

3D-LVEF (%) 0.08 �0.14 to 0.30 0.449

GLS (%) �0.17 �0.37 to 0.04 0.113 �0.18 �0.33 to �0.02 0.030

MVE/A 0.27 0.08–0.47 0.007

E/e' �0.25 �0.44 to �0.05 0.016 0.03 �0.13 to 0.20 0.704

RV-s' (cm/s) 0.13 �0.07 to 0.34 0.199

RVFWS (%) �0.04 �0.26 to 0.17 0.696

PASP (mmHg) �0.01 �0.21 to 0.20 0.946

Notes: All continuous variables (including dependent and independent) are standardized. GLS and RVFWS are fitted as negative values. Significant p values

(<0.05) are in boldface.

Abbreviations: BOS, bronchiolitis obliterans syndrome; FEV1, forced expiratory volume in 1 s; GLS, global longitudinal strain; LVEF, LV ejection fraction;

MVE/A, ratio of early-diastolic wave velocity (MVE) to late-diastolic wave velocity (MVA); PASP: peak pulmonary artery systolic pressure; RVFWS, right

ventricular free-wall strain. RV-s', right ventricular systolic myocardial velocity (average of septum and lateral annulus).
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In similarity with the larger St. Jude Lifetime cohort by Ness et al.,

that examined long-term (≥10 years) adult survivors of childhood can-

cer, we also found GLS to be superior to 2D-LVEF (and also 3D-LVEF

in our study) for predicting exercise capacity.12 A possible explanation

for 2D-LVEF inability to establish associations with VO2peak may in

part be due to geometric assumptions used in its calculation. The

higher sensitivity of GLS to detect mild reductions due to cardiotoxi-

city, better reproducibility and lower variability compared to 2D or

3D-LVEF are other possible reasons.6–9 It is also likely that the level

of association between parameters of systolic function and exercise

capacity is underestimated in our study due to exclusion of several

patients with heart disease for CPET.

This study also included the biomarker NT-proBNP owing to its

moderate ability in predicting VO2peak in patients with heart failure.36

Most instances of elevated NT-proBNP in this cohort were found in

survivors with more pronounced cardiac dysfunction. It was notable

that NT-proBNP was within normal limits in many participants with

cardiac dysfunction by imaging, and was not associated with VO2peak.

CPET is considered the gold standard for assessing functional capac-

ity in patients with heart disease and the assessment of VO2peak provides

valuable prognostic information, including all-cause mortality.3–5 In child-

hood survivors of cancer with reduced exercise capacity (VO2peak < 85%

of predicted) the hazard rate for death increases by approximately four-

fold.12 While, a finding of VO2peak > 20 ml/kg/min in patients with heart

failure is considered to correspond to better short-term prognosis.37 To

our knowledge, there are no other data documenting the prognostic

impact of mild or moderate reduction in exercise capacity in long-term

survivors of HSCT. However, the ability to identify cardiac dysfunction

as a cause for reduced exercise capacity (even if mild) has obvious medi-

cal value and potential prognostic benefits.

A limitation with CPET is its inability to distinguish specific cardiac

mechanisms for reduced oxygen uptake. Thus, identifying tools that

explain exercise intolerance is important for clinical decision-making. This

is especially relevant in survivors of allo-HSCT with multiple co-

morbidities and with uncertain origins of functional dyspnea. We recom-

mend GLS in screening of allo-HSCT survivors to confirm cardiac dys-

function (irrespective of symptoms) and to provide explanation for

reduced oxygen uptake. As demonstrated in this study, GLS when mea-

sured at rest had superior ability to predict VO2peak compared with NT-

proBNP and other tested echocardiographical parameters. Lower mea-

surement variability for GLS is one possible explanation for this occur-

rence. Moreover, GLS has been shown to have valuable prognostic

capacity.6,7,10 Our study was not designed to address mortality, although

based on our findings we are supportive. Finally, the use of GLS is

endorsed by experts in cardio-oncology for early detection of cardiotoxi-

city, which assists in earlier therapeutic interventions to hinder progres-

sive heart disease associated with reductions in LVEF.28,38

5 | CONCLUSION

Reduced exercise capacity in long-term survivors of allo-HSCT treated

in their youth was found to be associated with left ventricular systolic

dysfunction by GLS, impaired pulmonary function by FEV1, increased

BMI and lower levels of physical activity. In conclusion, we recom-

mend GLS for identifying and monitoring of left ventricular systolic

dysfunction, and for providing an explanation for exercise intolerance

in recipients of cancer related therapies.

6 | STRENGTHS AND LIMITATIONS

The strengths of this study are the nationwide inclusion, complete-

ness in the cohort and comprehensive clinical evaluation of the par-

ticipants. Interpretations from cross-sectional studies are limited by

the absence of longitudinal data and the prognostic significance of

findings is unknown. Echocardiography was performed at rest and

considerations need to be taken when evaluating correlations with

VO2peak. For patient safety reasons, several participants with car-

diovascular disease were exempted from CPET. This introduced

potential selection bias and likely led to an underestimation of the

predictive power of echocardiography and NT-proBNP on exercise

capacity.
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