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ABSTRACT
BACKGROUND Allogeneic hematopoietic stem cell transplantation (allo-HSCT), a potentially curative therapy for malignant
and nonmalignant diseases, is being increasingly used in younger patients. Although allo-HSCT survivors have an established
increased risk of cardiovascular disease, there is limited knowledge of the long-term effects on cardiac function in survivors.
OBJECTIVES The purpose of this study was to describe left ventricular (LV) systolic function in long-term allo-HSCT
survivors treated in childhood, adolescence, or early adulthood.
METHODS Our cross-sectional cohort study included 104 patients (56% women), age 18  10 years at time allo-HSCT
with 17  6 years of follow-up. Echocardiography included 2-dimensional (2D) and 3-dimensional (3D) analyses and
speckle tracking imaging. In total, 55 healthy control subjects with a similar age, sex, and body mass index were used for
comparison. Left ventricular systolic dysfunction (LVSD) was deﬁned as reduced 2D left ventricular ejection fraction
(LVEF) of <52% in men and <54% in women, and/or a reduced global longitudinal strain (GLS) of $17%. Multivariable
linear regression was used to determine independent predictors of 2D-LVEF and GLS.
RESULTS Allo-HSCT survivors had signiﬁcantly reduced LV systolic function compared with control subjects: 2D-LVEF
(55.2  5.8% vs. 59.0  2.9%; p < 0.001), 3D LVEF (54.0  5.1% vs. 57.6  2.7%; p < 0.001), and GLS (17.5  2.2%
vs. 19.8  1.4%; p < 0.001). LVSD was found in 44.2%, of whom 28.3% were symptomatic. Clinical factors
independently associated with 2D-LVEF and/or GLS included age, anthracyclines, graft versus host disease (GVHD), heart
rate, and hypertension. In the 45% of survivors pre-treated with anthracyclines, the effect of anthracyclines on 2D-LVEF
and GLS was dose-dependent.
CONCLUSIONS LVSD is common in long-term survivors of allo-HSCT treated in their youth. Pre-HSCT therapies with
anthracyclines, age, heart rate, hypertension, and graft versus host disease are associated with measures of LV function.
(J Am Coll Cardiol CardioOnc 2020;2:460–71) © 2020 The Authors. Published by Elsevier on behalf of
the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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of 39 frames/s (range 29 to 51 frames/s). Sex-speciﬁc

T A B L E 1 Patient Characteristics

cutoffs for 2D-LVEF were used as recommended

Female

Allo-HSCT
(n ¼ 104)

Control Subjects
(n ¼ 55)

p Value

56 (53.8)

29 (52.7)

0.893

(14). GLS was performed on the 3 standard apical
views of good acoustic quality, with similar frame
rates (average 62 frames/s), sector depth, and heart

Height, m

1.72  0.09

1.74  0.09

0.053

Weight, kg

72.5  17.5

73.3  12.3

0.730

rate. The region of interest was manually adjusted to

Body surface area, m2

1.83  0.23

1.88  0.18

0.179

correctly deﬁne the endocardial borders, apex, and

Body mass index, kg/m2

24.5  5.1

24.1  3.4

0.530

mitral valve plane. The AFI software from GE calcu-

Age at allo-HSCT, yrs

17.8  9.6

—

—

lated GLS as the average of peak systolic strain values

Age at examination, yrs

35.0  11.7

36.4  10.6

0.460

17.2  5.6

—

—

in a 17-segment model. We considered GLS $17% to

Years to follow-up
Systolic blood pressure, mm Hg

122  19

117  11

0.074

Diastolic blood pressure, mm Hg

72  13

66  8

0.002

69  11

68  12

0.629

Heart rate, beats/min

be abnormal in young individuals, based on the lower
limit of the 95% conﬁdence interval (CI) found in our
control group. LVSD was deﬁned as reduced 2D-LVEF

77 (74.0)

(men <52%, women <54%) and/or abnormal GLS

Acute lymphoblastic leukemia

12 (11.5)

($17%).

Acute myeloid leukemia

32 (30.8)

Valve stenosis or regurgitation was categorized as

Chronic myeloid leukemia

26 (25.0)

mild, moderate, or severe according to guidelines

Other malignant

7 (6.7)

(16). Pericardial thickness was assessed after careful

Nonmalignant disease

27 (26.0)

Malignant disease

Severe aplastic anemia

17 (16.3)

Metabolic/immunodeﬁciencies

10 (9.6)

adjustments of gain settings, and nonharmonic ultrasound set at 2.5 MHz. Pathology was deﬁned as
increased pericardial ﬂuid >0.5 cm at end-diastole,

Pre-transplantation therapy
Mediastinal radiotherapy

and/or presence of abnormal thickening or fusion of

2 (1.9)

Anthracyclines

the visceral and parietal membranes.

47 (45.2)

Cumulative anthracycline dosage, mg/m2

270 (140, 435)

MEASUREMENT ACCURACY AND INTRAOBSERVER

Myeloablative conditioning
Chemotherapy, busulfan/cyclophosphamide

VARIABILITY. In total, 25 recordings for 2D-LVEF and

95 (91.3)

Chemotherapy þ total body irradiation

7 (6.7)

GLS

None

2 (1.9)

randomly selected for blinded intraobserver vari-

67 (64.4)

ability assessment. For intraobserver variability, the

GVHD
Acute GVHD

27 (26.2)

Chronic GVHD

12 (11.5)

Both acute and chronic GVHD

from

patients

and

control

subjects

were

same images were analyzed >3 months apart by the
same observer and software, blinded to the previous

28 (26.9)

result. The average value of 3 repeated measurements
Values are n (%), mean  SD, or median (25th, 75th percentiles). Percentages may not equal 100% given
rounding
allo-HSCT ¼ allogeneic hematopoietic stem cell transplantation; GVHD ¼ graft-versus-host-disease.

was used to calculate intraclass correlation coefﬁcient. The Cronbach’s alpha and intraclass correlation
coefﬁcient from average measures, using 2-way
mixed and absolute agreement for 2D-LVEF, was

random order after the last patient inclusion. After
acquisition and prior to analyses, all echocardiograms

0.95 (95% CI: 0.89 to 0.98) and GLS 0.96 (95% CI: 0.89
to 0.99).
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width (60 to 70 ), resulting in an average volume rate
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STATISTICAL ANALYSIS

F I G U R E 1 CONSORT Diagram: Illustration of Patient Recruitment

Continuous data are presented as mean  SD if normally distributed, or as median (25th, 75th percentile)
if asymmetrically distributed. Categorical data are
presented as numbers and percentages. Allo-HSCT
survivors and control subjects were compared with
the Student’s t-test for continuous data, and chisquare or Fisher exact test for categorical data. To
adjust for any differences between the allo-HSCT
group and control subjects when analyzing cardiac
function, inverse-probability weighting (propensity
scoring) was performed. In general linear regression
analyses, the observations were weighted in each
group by the inverse of the probability of being in that
group with a given set of covariates: age, BMI, heart
rate, and diastolic blood pressure (DBP). Multivariable
linear regression analyses were conducted to determine signiﬁcant predictors for the primary outcome
variables of 2D-LVEF and GLS in survivors. Covariates
included: age, height, BMI, heart rate, cumulative
anthracycline dosage, sex, mediastinal radiation, total
body irradiation, malignancy, hypertension, diabetes
mellitus,

hypercholesterolemia,

hypothyroidism,

smoking, and GVHD (acute and/or chronic). All
continuous variables were standardized, and p values,
beta, and corresponding 95% conﬁdence intervals
were reported. The ﬁnal regression models considered
multicollinearity, and contained all variables with p <
0.20 in a univariable regression and/or variables
considered as clinically important risk factors for
LVSD. Likewise, deletion was used for the data omissions: 2 for smoking in the univariable test, and 2 for
hypercholesterolemia (high triglycerides). To evaluate
the effects of anthracycline dosage, patients were
allocated into 3 groups according to cumulative
anthracycline dosage: none, moderate (<300 mg/m2 ),
and high ($300 mg/m2 ). Chi-square, Kruskal-Wallis
test, and 1-way analysis of covariance with Bonferroni
post hoc analyses were used to identify group differ-

In total, 104 (66.2%) of eligible survivors were evaluated with comprehensive
echocardiography.

ences. Analysis of covariance was used to adjust for
age, BMI, heart rate, and DBP. Statistical analyses used
SPSS version 25 (SPSS Inc., Chicago, Illinois), and a p

34.3 years; p ¼ 0.001), had shorter follow-up time

value <0.05 was considered signiﬁcant.

(13.2 years vs. 16.5 years; p < 0.001), and were more
likely men (37 men vs. 16 women; p ¼ 0.005). A total

RESULTS

of 104 participants (66.2% of eligible survivors)
accepted the study invitation, provided informed

PATIENT DEMOGRAPHICS AND ALLO-HSCT TREATMENT

consent,

CHARACTERISTICS. Patients characteristics are shown

(Figure 1). Malignant disease occurred in 74% (55.8%

and

completed

clinical

examinations

in Table 1. In total, 290 patients were treated during

women), and was the indication for anthracycline

the time period speciﬁed for inclusion. Of these, 131

chemotherapy in 45.2% (59.6% women) and medias-

died prior to study start (total deaths 45.2%) and 2

tinal radiotherapy in 2 (1.9%). Median isotoxic cu-

were excluded due to incomplete patient ﬁles. Non-

mulative anthracycline dosage was 270 mg/m 2 (range

participants (n ¼ 53) were younger (age 27.7 years vs.

45 to 585 mg/m 2). Stem cells were obtained from the
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Cardiovascular medications (predominantly antihy-

T A B L E 2 Clinical Assessment

pertensive therapies) were prescribed in 19 (41.3%)
Allo-HSCT
(n ¼ 104)

Control Subjects
(n ¼ 55)

p Value

New York Heart Association functional class*
<0.001

survivors with LVSD. Compared with survivors
without

hypertension,

those

with

hypertension

(n ¼ 42) were older (age 42 years vs. 30 years; p <

I

74 (72.5)

55 (100)

II

16 (15.7)

0 (0.0)

0.002

0.001), had longer follow-up time (19.1 years vs. 16.0

III

12 (11.8)

0 (0.0)

0.009

years; p ¼ 0.004), had higher BMI (26.2 kg/m 2 vs.

42 (40.4)

1 (1.8)

<0.001

cardiac medications (76.2%). Compared with survi-

3 (2.9)

0 (0.0)

0.552

vors without hypercholesterolemia, survivors with

Hypothyroidism

10 (9.6)

0 (0.0)

0.016

Hypercholesterolemia

16 (15.4)

0 (0.0)

0.002

hypercholesterolemia

23.4 kg/m 2; p ¼ 0.007), and were more likely to be on

Comorbidities
Hypertension
Diabetes mellitus

Smoking (current/previous)*

10 (9.8)/18 (17.6) 2 (3.6)/11 (20.0) 0.165/0.717

had

higher

BMI

(27.9

vs.

23.9 kg/m 2; p ¼ 0.004), were older (age 45 years vs. 33
years; p < 0.001), and had longer follow-up time (19.5

33 (31.7)

0 (0.0)

<0.001

4 (3.8)

0 (0.0)

—

years vs. 16.6 years; p ¼ 0.043). Among survivors,

Calcium-channel blockers

13 (12.5)

0 (0.0)

—

hypothyroidism was more frequent in women (9

Beta-blockers

13 (12.5)

0 (0.0)

—

women vs 1 man; p ¼ 0.016). In comparing survivors

7 (6.7)

0 (0.0)

—

with control subjects, no sex differences were

13 (12.5)

0 (0.0)

—

Cardiovascular medications
Statins

Angiotensin-converting enzyme inhibitors
Angiotensin receptor blockers
Laboratory parameters
Troponin T >14 ng/l

observed

for

the

risk

factors:

hypertension

(p ¼ 0.064), hypercholesterolemia (p ¼ 0.374), GVHD

3 (2.9)

0 (0.0)†

0.551

Elevated NT-proBNP‡

17 (16.3)

2 (4.0)†

0.029

(p ¼ 0.206), or obesity (p ¼ 0.375). At examination,

HDL cholesterol, mmol/l§

1.5  0.4

1.7  0.5†

0.051

allo-HSCT survivors had a slightly higher DBP

LDL cholesterol, mmol/l§

3.1  0.8

3.0  0.9†

0.433

(72 mm Hg vs. 66 mm Hg; p ¼ 0.002) compared with
the healthy control subjects.

Values are n (%) or mean  SD. *2 absences in ﬁndings. †n ¼ 50. ‡Elevated ¼ age 18 to 44 years: men >86 ng/l,
women >130 ng/l; age 45 to 54 years: men >121 ng/l, women >249 ng/l. §Conversion rate to mg/dl ¼ mmol/l 
38.66 (Roche Diagnostics, Basel, Switzerland).
allo-HSCT ¼ allogeneic hematopoietic stem cell transplantation; HDL ¼ high-density lipids; LDL ¼ low-density
lipids; NT-proBNP ¼ N-terminal pro–B-type natriuretic peptide.

ECHOCARDIOGRAPHY

AND

LVSD. 2D-LVEF

was

feasible in all patients, 3D-LVEF in 85%, and GLS in
96%. The majority of echocardiography parameters
for systolic function were signiﬁcantly reduced in
allo-HSCT survivors compared with control subjects:

bone marrow in 84.6%, and 29.8% had unrelated
donors. In total, 95 (91.3%) received a myeloablative
conditioning regimen consisting of busulfan in combination with cyclophosphamide. The total dosage of
busulfan was 4 to 5 mg/kg/day administered orally

2D-LVEF (55.2  5.8% vs. 59.0  2.9%; p < 0.001), 3DLVEF (54.0  5.1% vs. 57.6  2.7%; p < 0.001), GLS
(17.5  2.2% vs. 19.8  1.4%; p < 0.001), and
MAPSE (12.9  2.1 mm vs. 14.9  2.2 mm; p < 0.001)
was all reduced in survivors compared with control

over 4 days, combined with 50 mg/kg/day of cyclo-

subjects (Table 3, Central Illustration). These group

phosphamide administered intravenously over 4 days

differences remained signiﬁcant after controlling for

or 60 mg/kg/day over 2 days. In total, 23 (22.1%)

baseline differences in age, BMI, heart rate, and DBP

received antilymphocyte globulin and 7 (6.7%) frac-

(Table 3). After exclusion of participants with estab-

tionated total body irradiation during conditioning.

lished CV disease (45 survivors and 1 control), LVEF

Cyclosporine was administrated in 99% as part of

and GLS remained signiﬁcantly impaired in survivors

standard GVHD prophylaxis. Resolved GVHD was

compared with control subjects, despite survivors

identiﬁed in 29 (43.3%) of those with prior acute

being considerably younger (Supplemental Table 1).

and/or chronic GVHD.

In total, 46 (44.2%) allo-HCST survivors had LVSD in

CLINICAL ASSESSMENT AND RISK FACTORS. Table 2

contrast to none in the control group. No sex differ-

presents clinical assessment ﬁndings. Of 104 allo-

ences were found for the prevalence of reduced

HSCT survivors, LVSD was detected in 46 (44.2%)

LVEF, GLS, or LVSD. Allo-HSCT survivors had signif-

survivors, of whom 13 (12.7% of all survivors) had

icantly (p < 0.001) smaller LV end-diastolic volumes

NYHA functional class II or III symptoms, and 33

(indexed 2D LV end-diastolic volume) and smaller

(32.4% of all survivors) were asymptomatic (NYHA

cardiac mass compared to controls. LVSD was

functional class I). NYHA functional class II or III

described as mild to moderate global hypokinesis in

symptoms were present in 28 (27.5%) of all survivors.

most instances. Septal hypokinesis was described in

Elevated NT-proBNP was more prevalent among sur-

three survivors (2.9%), including one symptomatic

vivors than control subjects (17 vs. 2 participants;

individual found to have signiﬁcant coronary disease

p ¼ 0.029), and was found in 10 (58.8%) with LVSD.

by angiography.
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T A B L E 3 Echocardiography Assessment

IVSd, mm
IVSd >12 mm

Allo-HSCT
(n ¼ 104)

Control Subjects
(n ¼ 55)

0.86  0.17

0.89  0.14

0.274

4 (3.8)

2 (3.6)

0.957
0.230

p Value

Indexed LV mass index, g/m2†

70.5  18.0

73.5  12.5

Relative wall thickness

0.30  0.06

0.29  0.05

0.263

Indexed LVIDd, cm/m2

2.68  0.32

2.69  0.25

0.984

Indexed LVIDs, cm/m2

1.87  0.30

1.84  0.20

0.395

Indexed 2D-LVEDV, ml/m2

63.6  13.3

71.9  13.9

0.000

Inverse-Probability Weighting
Beta (Standard Error), p Value*

Indexed 2D-LVESV, ml/m2

28.8  8.3

29.6  6.5

0.562

Indexed 3D-LVEDV, ml/m2

71.5  13.4

75.2  12.8

0.083

Indexed 3D-LVESV, ml/m2

33.0  8.6

31.7  7.7

0.374

3D sphericity index

0.33  0.7

0.33  0.6

0.652

Cardiac index, l/min/m2

2.62  0.44

2.76  0.47

0.082

—

Fractional shortening, %

30.6  5.7

31.6  4.0

0.210

1.08 (0.78), 0.169

2D-LVEF, %

3.80 (0.74), <0.001

55.2  5.8

59.0  2.9

<0.001

2D-LVEF _<52%, \<54%

33 (31.7)

0 (0.0)

<0.001

—

2D-LVEF <50%

17 (16.3)

0 (0.0)

<0.001

—

54.0  5.1

57.6  2.7

<0.001

3.42 (0.68), <0.001

29 (27.9)

0 (0.0)

<0.001

—

12.9  2.1

14.9  2.2

<0.001

2.02 (0.34), <0.001

3D-LVEF, %
3D-LVEF _<52%, \<54%
MAPSE, mm
s0 velocity, cm/s
GLS, %
GLS $17%
Pericardial pathology

8.0  1.7

8.9  1.7

0.002

7.72 (2.66), 0.004

17.5  2.2

19.8  1.4

<0.001

2.13 (0.30), <0.001

34 (32.7)

0 (0.0)

<0.001

—

8 (7.7)

0 (0.0)

0.051

—

Values are mean  SD or n (%), unless otherwise indicated. Indexed values to BSA. *Inverse-probability weighting, covariates: age, heart rate, body mass index, and diastolic
blood pressure. †ASE cube formula (14).
allo-HSCT ¼ allogeneic hematopoietic stem cell transplantation; GLS ¼ global longitudinal strain; IVSd ¼ interventricular septal end-diastolic dimension; LVEDV ¼ left
ventricular end-diastolic volume; LVEF ¼ left ventricular ejection fraction; LVESV ¼ left ventricular end-systolic volume; LVIDd ¼ left ventricular internal end-diastolic
dimension; LVIDs ¼ left ventricular internal end-systolic dimension; MAPSE ¼ mitral annular plane systolic excursion, average of septum and lateral; NT-proBNP ¼ N-terminal pro–B-type natriuretic peptide; sʹ velocity ¼ tissue Doppler peak systolic velocity, average of septum and lateral.

Univariable and multivariable linear regression

DISCUSSION

analyses are shown in Tables 4 and 5. Statistically
signiﬁcant independent predictors for 2D-LVEF were

Our study is unique for several reasons. Allo-HSCT

age, cumulative anthracycline dosage, and GVHD.

regimens in Norway have remained standardized

Signiﬁcant independent predictors for GLS were age,

without much radiation exposure. We have a com-

heart rate, cumulative anthracycline dosage and hy-

plete

pertension. Anthracycline therapy was found to be a

(average 17 years), and applied contemporary echo-

strong predictor of impaired LVEF and GLS. Further

cardiographic techniques. To our knowledge, no prior

analysis conﬁrmed a dose dependent relationship

studies have evaluated LV systolic function with

between anthracycline dose and reduction in 2D-

comprehensive echocardiography in very long-term

LVEF and GLS, after adjusting for age, BMI, heart rate,

survivors of allo-HSCT in children, adolescents, and

and DBP (Table 6). Those who received higher

young adults. We found a high rate of LVSD, occur-

anthracycline dosages tended to have greater evi-

ring in 44.2%, indicating that cardiac dysfunction in

dence

this patient group is more prevalent than previously

of

cardiac

dysfunction

and

adverse

hospital

registry,

long

observation

time

remodeling.

documented. Symptomatic LVSD (NYHA functional

OTHER PATHOLOGY. Valvular heart disease was rare,

class II or III) was found in 12.7% of the entire study

and no lesions were severe. Pericardial pathology was

population, which is higher than previously reported

found in 8 (7.7%) of the allo-HSCT survivors and none

in other HSCT studies (4,5,8,9). An equally important

in the control group. In total, 7 cases of pericardial

ﬁnding was the high frequency of asymptomatic

pathology occurred in those with acute and/or

LVSD (NYHA functional class I), which was found in

chronic GVHD (n ¼ 67), although the difference was

32.3% of survivors that over time is likely to manifest

not statistically signiﬁcant (p ¼ 0.254).

as overt HF. In comparison, asymptomatic HF has
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CE N TRA L I LL U ST RA TI ON Left Ventricular Systolic Function in Long-Term Survivors Treated
as Children, Adolescents, and Young Adults With Allo-HSCT

Left Ventricular Systolic Function
65

p < 0.001

p < 0.001

p < 0.001

p < 0.001

60

25

20

55
15
50
10

45

5

40
0

GLS (%)
MAPSE (mm)

LVEF (%)

466

2D-LVEF

3D-LVEF
Controls

GLS

MAPSE

0

Allo-HSCT

Massey, R.J. et al. J Am Coll Cardiol CardioOnc. 2020;2(3):460–71.

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) survivors were found to have signiﬁcantly reduced left ventricular systolic
function with echocardiography compared with healthy control subjects. Most cases were described as mild to moderate global hypokinesis
with few cases of valve disease. Signiﬁcant independent predictors of left ventricular systolic function were age, anthracyclines, graft versus
host disease, heart rate, and hypertension. 2D ¼ 2-dimensional; 3D ¼ 3-dimensional; LVEF ¼ left ventricular ejection fraction; GLS ¼ global
longitudinal strain; MAPSE ¼ mitral annular plane systolic excursion.

previously been reported in 5.1% of long-term survi-

important difference, because cardiac dysfunction

vors of lymphoma when treated with autologous

after chemotherapy may worsen in parallel with

HSCT (9). Our study differed by deﬁning LVSD with

observation time (4,8,17,18). However, this study

sex-speciﬁc 2D-LVEF cutoffs and GLS. Moreover, in

cannot discern the precise timing of LVSD onset, and

our cohort, transplants were primarily of stem-cell

one could potentially speculate that cardiac injury

origin, and although there were heterogeneous rea-

occurred at time of therapy, with a further worsening

sons for allo-HSCT, there were also few cases of

in LVSD over time. Another possible explanation is

radiotherapy. The lack of symptoms (NYHA func-

that young patients are at higher risk of heart disease

tional class II or III) in a greater proportion of those

due to organ immaturity and growth disturbances

with LVSD is unexpected. However, symptoms of

caused by cardiotoxic therapies (19). This may explain

dyspnea and fatigue are commonly accepted side ef-

the smaller LV size in survivors compared with con-

fects of chemotherapy, possibly accounting for

trol subjects, even after consideration for CV disease

reduced recognition and lack of awareness. The

and confounders. Sex has previously been implicated

absence of symptoms may also explain the infrequent

as a risk factor for cardiotoxicity (8,19–21), but this

prescription of cardioprotective medications in our

association was not found in our study.

cohort.

Cyclophosphamide has historically been noted to

Plausible explanations for the high frequency of

have cardiotoxic effects (22). However, published

LVSD in this study population include exposure time,

data linking alkylating agents to long-term heart

age at HSCT, pre-transplantation therapies, and post-

disease is scarce. In contrast, anthracycline exposure

transplant risk factors. Few previous studies have as

is known to cause myocyte depletion, and is shown to

long follow-up time as this present study; this is an

increase the risk of HF by 5-fold in long-term
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T A B L E 4 Linear Regression Analysis for Predictors of 2D-LVEF in allo-HSCT Survivors (n ¼ 104)

Univariable

Multivariable

b

95% CI

p Value

b

95% CI

p Value

Sex

0.05

0.34 to 0.44

0.809

0.06

0.42 to 0.30

0.739

Age, yrs*

0.27

0.09 to 0.46

0.005

0.29

0.07 to 0.52

0.011

Height, m

0.08

0.28 to 0.17

0.423
0.06

0.14 to 0.26

0.548

0.18

0.01 to 0.38

0.062

Heart rate, beats/min

0.01

0.20 to 0.19

0.952

Mediastinal radiation

0.64

2.07 to 0.77

0.370

Cumulative anthracycline dosage, mg/m2

0.41

0.59 to 0.23

<0.001

0.46

0.63 to 0.28

<0.001

0.26

0.52 to 1.03

0.517

0.20

0.91 to 0.51

0.580

0.22

0.66 to 0.23

0.339
0.18

0.60 to 0.24

0.393

0.64

0.26 to 1.03

0.001

Body mass index, kg/m2

Total body irradiation
Malignancy
Hypertension
Diabetes mellitus

0.13

0.27 to 0.53

0.511

0.68

1.84 to 0.48

0.248
0.822

Hypercholesterolemia

0.06

0.48 to 0.61

Hypothyroidism

0.12

0.55 to 0.78

0.727

Smoking, current/previous

0.11

0.34 to 0.55

0.632

Graft versus host disease, acute and/or chronic GVHD

0.29

0.12 to 0.69

0.164

Linear regression was conducted with standardized continuous variables, including 2-dimensional left ventricular ejection fraction (2D-LVEF) and dichotomous variables. *Age
at examination.
allo-HSCT ¼ allogeneic hematopoietic stem cell transplantation; GVHD ¼ graft versus host disease.

survivors treated in their youth (23). The cardiotoxic

In addition to cardiotoxic therapies, we found that

effect of anthracycline was also conﬁrmed in this

traditional CV risk factors have a potential role in

study; anthracycline treatment was a signiﬁcant in-

modifying the risk for LVSD in long-term survivors of

dependent predictor for the reduction of 2D-LVEF

allo-HSCT. CV risk factors are commonly reported in

and GLS. Moreover, the reduction in systolic function

HSCT survivors, occurring more frequently in allo-

and adverse LV remodeling were dose-dependent.

HSCT compared with autologous-HSCT survivors,

These observations are in agreement with other

resulting in a higher prevalence of heart conditions in

studies that have used similar thresholds of cumula-

allo-HSCT survivors (6,18,24–26). Survivors in this

tive anthracycline dosage (>250 to 300 mg/m 2)

study had a high prevalence of CV risk factors, but at a

(8,9,19,21,23).

level comparable to other studies (6,18,20,21,24–26).

T A B L E 5 Linear Regression Analysis for Predictors of GLS in Allo-HSCT Survivors (n ¼ 98)

Univariable

Multivariable

b

95% CI

p Value

b

95% CI

p Value

0.38

0.06 to 0.73

0.092

0.22

0.16 to 0.59

0.249

Age, yrs*

0.06

0.26 to 0.14

0.548

0.24

0.45 to 0.02

0.031

Height, m

0.07

0.14 to 0.27

0.523

Body mass index, kg/m2

0.01

0.21 to 0.22

0.964

Heart rate, beats/min

0.33

0.13 to 0.52

0.001

0.34

0.15 to 0.53

0.001

Mediastinal radiation

0.68

0.74 to 2.10

0.343

Cumulative anthracycline dosage, mg/m2

0.19

0.01 to 0.39

0.059

0.25

0.07 to 0.44

0.009

Total body irradiation

0.40

0.44 to 1.24

0.345

0.20

0.64 to 1.04

0.638

Malignancy

0.38

0.07 to 0.82

0.095

Hypertension

0.48

0.08 to 0.87

0.019

0.50

0.04 to 0.96

0.035

Diabetes mellitus

0.49

0.93 to 1.91

0.493
0.44

0.14 to 1.02

0.134

0.29

0.69 to 0.11

0.158

Sex

Hypercholesterolemia

0.66

0.11 to 1.22

0.020

Hypothyroidism

0.37

1.03 to 0.29

0.271

Smoking, current/previous
GVHD, acute and/or chronic GVHD

0.20

0.25 to 0.65

0.372

0.02

0.44 to 0.39

0.919

Linear regression was conducted with standardized continuous variables (including global longitudinal strain [GLS]) and dichotomous variables. GLS is a negative value. Increases in GLS (e.g., with hypertension) reﬂect worsening in longitudinal shortening (systolic function). *Age at examination.
Abbreviations as in Table 4.
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T A B L E 6 Dose-Related Responses to Anthracycline Used in Pre-Treatment Therapies in allo-HSCT Survivors

Cumulative anthracycline dosage, mg/m2
Total body irradiation

None
(n ¼ 57)

Low Dosage
(<300 mg/m2)
(n ¼ 25)

High Dosage
($ 300 mg/m2)
(n ¼ 22)

p Value

0 (0, 0)

170 (75, 200)

435 (354, 464)

<0.001*†

4 (7.0)

1 (4.0)

2 (9.1)

0.779‡

Female

28 (50.0)

14 (56.0)

14 (63.6)

0.495‡

Age, yrs

35.1  11.9

36.4  11.7

32.8  11.3

0.571‡

Body mass index, kg/m2

25.0  5.7

25.2  4.6

22.7  3.6

0.146‡

Systolic blood pressure, mm Hg

124  19

127  20

112  15

0.016*k

Diastolic blood pressure, mm Hg

73  12

77  14

66  12

0.015*

Heart rate, beats/min

70  11

70  12

67  11

0.511‡

Hypertension

23 (40.4)

12 (48.0)

7 (31.8)

0.529‡

Malignancy

30 (52.6)

25 (100.0)

22 (100.0)

<0.001†

GVHD (acute and/or chronic GVHD)

32 (56.1)

15 (60.0)

20 (90.9)

0.013*k

10 (18.2) (n ¼ 55)

10 (40.0)

8 (36.4)

0.073‡

NT-proBNP, ng/l

33 (18, 58)

52 (25, 148)

110 (57, 182)

<0.001*†

IVDd, cm

0.90  0.2

0.86  0.1

0.79  0.1

0.089‡§

LVIDd, cm

4.8  0.5

4.9  0.5

5.1  0.4

0.002§k

LVIDs, cm

3.2  0.5

3.5  0.6

3.7  0.4

<0.001†§

131.5  49.9

133.1  29.0

125.2  36.2

0.264‡§

32.8  4.7

29.2  6.5

26.6  4.4

<0.001†§
<0.001§k

New York Heart Association functional class II or III

LV mass, g¶
Fractional shortening, %
2D-LVEF, %

57.0  4.7

54.6  7.0

51.1  5.0

3D-LVEF, %

55.9  3.9 (n ¼ 48)

52.7  6.2 (n ¼ 21)

50.8  4.4 (n ¼ 19)

0.001†§

8.2  1.4

8.0  1.9

7.4  2.0

0.039§k

s’ velocity, cm/s
MAPSE, mm
GLS, %

13.2  2.1

12.6  2.1

12.5  2.1

0.242‡§

17.9  2.1 (n ¼ 55)

17.1  2.1 (n ¼ 24)

16.8  2.2 (n ¼ 21)

0.023§k

Values are median (25th, 75th percentiles), n (%), or mean  SD. *Signiﬁcant difference between anthracycline $300 mg/m2 and <300 mg/m2 in Bonferroni post hoc analysis
(<0.05). †Signiﬁcant difference with both treatment groups (anthracycline $300 mg/m2 and <300 mg/m2) with no anthracycline group in Bonferroni post hoc analysis
(<0.05). ‡No signiﬁcant difference between treatment groups in Bonferroni post hoc analysis. §Echocardiographical parameters are adjusted for covariates of age, heart rate,
body mass index, and diastolic blood pressure. kSigniﬁcant difference between anthracyclines $300 mg/m2 and no anthracycline in Bonferroni post hoc analysis (<0.05). ¶ASE
cube formula (14).
Abbreviations as in Table 3.

Any potential differences in reported CV risk factor

However, hypertension is known to cause myocardial

prevalence are likely associated with cardiotoxic ex-

ﬁbrosis that leads to reduced longitudinal shortening

posures, recipient age, and observation time. In our

of the heart (27). This may explain why hypertension

study, hypertension and hypercholesterolemia were

was found to be an independent predictor of GLS.

more frequently observed in survivors with older age

Hypothyroidism has been reported in 30% of long-

and longer survival time, suggesting that risk proﬁles

term survivors of HSCT with busulfan conditioning

may alter with aging after HSCT. One concerning

(28). Hypothyroidism was found in 9.6% in our

ﬁnding from our cross-sectional analyses was that

cohort, although no association with LVSD was found

hypertension was prevalent in 40.4%, but the use of

in our data. Dyslipidemia has been reported in 13% to

antihypertensive therapy in only 30.8%. A similarly

52% of survivors of HSCT (5,6,18,20,24,25). Hyper-

high prevalence of hypertension (24% to 45%) has

cholesterolemia occurred in 15% of our patients, and a

been reported in long-term survivors (>10 years)

trend between elevated cholesterol level and reduced

treated with HSCT at various ages (5,9,20,21,24,25).

GLS was observed. Overall, the contribution of CV risk

The signiﬁcance of hypertension in contributing to

factors to LVSD in allo-HSCT survivors stresses the

prevailing cardiac disease in HSCT survivors has

importance of preventive strategies for reduction of

previously been shown (5,21). However, in our study,

risk factors and promotion of a healthy lifestyle. This

given that the onset and duration of hypertension is

is especially important in younger patients with

unknown, it is unclear if the cumulative conse-

potentially longer life expectancy.

quences of hypertension were fully manifested.

In our study, GVHD was found to be a highly

Indeed, the echocardiograms showed little evidence

prevalent complication of allo-HSCT survivors. There

of concentric remodeling beyond a small but signiﬁ-

is limited evidence that GVHD directly mediates

cant difference in indexed LV end-diastolic volume.

myocardial damage. However, active chronic GVHD
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has been shown to be associated with a higher risk of

regression with a continuous outcome variable,

CV death (5). It is thought that the chronic inﬂam-

however, allowed identiﬁcation of predictors of LV

mation processes instigated by GVHD results in

function without dependency on cutoff values, and

endothelial damage leading to accelerated athero-

provided a speciﬁc analysis of incremental change.

sclerosis (29). We did not ﬁnd GVHD (acute or
chronic) to be consistently associated with LV systolic

STUDY STRENGTHS AND LIMITATIONS. The cross-

function, and found a very modest association with

sectional design of this study describes associations

increased LVEF (b ¼ 0.64; 95% CI: 0.26 to 1.03) and no

and not causality. This study cannot determine the

association with GLS. GVHD may have an indirect role

timing of initial myocardial damage or conclude if

in altering cardiac function through the development

deterioration of LV function is a part of a progressive

of CV risk factors. Moreover, a higher proportion of

continuum. The number of deaths attributed to solely

pericardial pathology was observed in patients with

CV reasons prior to study start is not known, as the CV

GVHD. Although not statistically signiﬁcant, it is

status of nonstudy participants had not been recor-

numerically striking, may have clinical relevance

ded. Registry data showed nonparticipants to be

possibly affecting systolic function, and supports the

younger with shorter follow-up, possibly resulting in

few previous reports on this matter (30). This is an

overestimation of LVSD in our sample. Potential se-

area that deserves further study.

lection bias from recruitment of control subjects

Echocardiography is a noninvasive, cost-effective,

without CV disease was addressed by adjusting for

and readily available technique with a traditional

baseline differences, and subgroup analyses focused

reliance on 2D-LVEF to deﬁne systolic dysfunction.

on those without CV disease.

The limitations of traditional 2D-LVEF are well

The strengths of this study are completeness of the

known, leading to 3D and speckle tracking echocar-

cohort, nationwide patient inclusion, long follow-up,

diography being recommended by expert consensus

and standardized transplantation regimens with

panels (15,31). The necessity for HSCT studies to use

minimum confounding from radiation. We consider

modern echocardiographic techniques to evaluate

the data collection to be comprehensive, of high

structural and functional changes in survivors has

quality, and contemporary. All echocardiograms were

been promoted by oncology experts (32). Our study

performed and analyzed by the same investigator

placed an emphasis on high-quality echocardiogra-

eliminating interobserver bias, were conducted blin-

phy with incorporation of modern techniques to

ded

ensure conclusive evidence of LVSD. We found a

reproducibility.

to

medical

status,

and

had

excellent

consistent difference between allo-HSCT survivors
and control subjects in our measures of LV systolic

CONCLUSIONS

function. These newer techniques can potentially
lead to a higher reported incidence of cardiac

In our study of 104 long-term allo-HSCT survivors

dysfunction, but can also identify more patients at

treated in their youth, LV systolic function was found

risk of developing HF. As is well-established, a rela-

to be signiﬁcantly reduced when compared with a

tionship between LVEF and GLS exists, although

healthy control group. We found 44% experienced

these 2 parameters measure slightly different prop-

LVSD, of whom 28.3% were symptomatic. Variables

erties of systolic function. GLS reﬂects impaired lon-

independently associated with LV systolic function

gitudinal shortening and has been described as an

were anthracyclines, age, heart rate, hypertension,

earlier marker of myocardial damage, whereas re-

and GVHD. Anthracyclines were found to have a sig-

ductions

niﬁcant

in

LVEF

(radial

and

circumferential

contraction) are often ﬁrst seen in more advanced
remodeling (15,33).

dose-dependent

effect

on

LV

systolic

function.
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PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: Long-

echocardiography with strain imaging, and monitoring of

term survivors treated in their youth with allo-HSCT are

modiﬁable risk factors.

at increased risk of LVSD. Anthracyclines, age, heart rate,
hypertension, and GVHD were found to be signiﬁcant in-

TRANSLATIONAL OUTLOOK: Larger, prospective

dependent predictors of LV systolic function. A high

studies with contemporary imaging technologies are

prevalence of cardiac dysfunction and CV risk factors in

needed to understand the full impact of allo-HSCT on

young survivors after allo-HSCT suggests potential ben-

cardiac function.

eﬁts from surveillance regimens that include
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