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Simple Summary: The prevalence of frailty is increased among young adult childhood cancer
survivors and is associated with early morbidity and mortality. The aim of our study was to analyze
physical fitness, physical activity and the prevalence of frailty in male long-term survivors of pediatric
allogeneic hematopoietic stem cell transplantation. We observed significantly lower muscle strength
and muscle endurance in the hand-grip and sit-to-stand tests compared to the age and sex matched
normative reference values of the tests. Furthermore, 30% of the survivors were considered pre-frail
or frail. Chronic graft-versus-host disease, shorter stature, higher body fat mass and hazardous
drinking predicted prefrail/frail status. Common cardiovascular risk factors were associated with
poor physical fitness and low physical activity level. These results indicate a need for cardiometabolic
follow up as well as health education in the decades following HSCT.

Abstract: Purpose and methods: To analyze physical fitness, physical activity and the prevalence of
frailty in male long-term survivors of pediatric allogeneic hematopoietic stem cell transplantation
(HSCT). We performed a Nordic two-center study of 98 male survivors (mean age 28.7 years, range
18.5–47.0) treated with pediatric allogeneic hematopoietic stem cell transplantation (HSCT) 1980–2010
in denmark or finland. physical fitness was evaluated by the dominant hand grip-strength, timed up-
and-go, sit-to-stand, gait speed and two-minute walk tests. Results: Survivors presented significantly
lower muscle strength and muscle endurance in the dominant hand-grip strength (median Z-score
−0.7, range −4.3–3.9) and sit-to-stand tests (median Z-score −1.5, range −3.5–2.5) compared to age
and sex matched normative values of the tests. However, mobility and gait speed were not affected
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on a group level. The prevalence of frailty (pre-frail 20% or frail 10%) was high among the survivors.
In multiple regression analysis, chronic graft-versus-host disease, shorter stature, higher body fat
mass and hazardous drinking predicted prefrail/frail status. Common cardiovascular risk factors,
such as increased levels of serum triglycerides, higher resting heart rate and diastolic blood pressure,
were associated with lower physical fitness. Conclusion: Low muscle strength and a high incidence
of frailty were observed in survivors of pediatric HSCT. There is a predominant risk of cardiovascular
and metabolic diseases in the long-term.

Keywords: physical fitness; GvHD; frailty; aging; pediatric hematopoietic stem cell transplantation;
late effects

1. Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) as a therapy for numerous
severe hematological disorders is increasing. The burden of treatment-related morbidities
in the long term remains considerable [1]. Nearly all children treated with HSCT will
experience at least one late effect [2]. Those most frequently observed are endocrine
complications such as hypogonadism, impaired fertility, growth delay and metabolic
problems, but also other physical and psychosocial problems, such as neurocognitive
impairment, cardiotoxicity and second neoplasms have been reported [2,3].

Several treatments affect late outcomes. Anthracyclines, a key component in several
childhood cancer treatments, may cause cardiomyopathy [1,2,4]. Total body irradiation
(TBI) used in the conditioning regimes prior to HSCT can reduce skeletal muscle mass
through endocrine insufficiency [1,2,4]. TBI, busulfan and cyclophosphamide may cause
impaired pulmonary function which can limit physical performance [5]. Consequently,
many survivors report symptoms of impaired fitness, including exercise-induced shortness
of breath, fatigue and reduced participation in physical activity [5,6]. These symptoms may
indicate frailty [7].

Frailty is a phenotype generally described in the elderly [8]. The frail phenotype is
defined as a clinical syndrome in which three or more of the following criteria are present
and pre-frail when two criteria are present: low lean muscle mass, muscle weakness, slow
walking, low physical activity or self-reported exhaustion [7,8]. The prevalence of frailty
is increased among young adult childhood cancer survivors and is associated with early
morbidity and mortality [7]. We have recently reported signs of frailty, premature arterial
aging, asymptomatic cardiac dysfunction, increased blood pressure and poor physical
fitness among long-term survivors of high-risk neuroblastoma treated with myeloablative
regimens [9].

In this study, we investigated physical fitness, physical activity and frailty decades
after pediatric allogeneic HSCT in a large population-based cohort of adult male long-term
survivors.

2. Materials and Methods
2.1. Subjects

This study is part of a larger cross-sectional cohort study addressing long-term gonadal
function, metabolism, physical fitness, sexual health and quality of life [10–13]. Male
survivors treated with pediatric myeloablative allogeneic HSCT between 1980 and 2010 in
Denmark or Finland were eligible to participate if they were ≤16 years of age at HSCT and
≥18 years of age at the time of the study [12]. Patients treated with more than one HSCT
were excluded from the study. Of a total of 181 male long-term survivors of pediatric HSCT,
98 (49 Danish and 49 Finnish) men agreed to participate, leading to a participation rate
of 54%.

Treatment characteristics were obtained from the medical records. Cyclophosphamide
equivalent doses (CED) were calculated as described in Green et al. [14]. Cumulative
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anthracyclines were calculated as doxorubicin isoequivalents (DIE) using conversion factor
1 for doxorubicin and 0.833 for daunorubicin. A detailed history of present health was
assessed with a questionnaire. Smoking and hazardous drinking (weekly intake > 287 g,
i.e., ≥24 standard drinks) were reported [15].

At the day of examination, the patients were screened for chronic-graft-versus-host
disease (cGvHD) according to the National Institutes of Health criteria as described [12].
Testicular volume was measured using an orchidometer (mL). Mean volume (mL) of
the testicles was calculated, when applicable. Body composition was examined by dual-
energy X-ray absorptiometry as described [10]. Blood samples were collected between
8:00 a.m. and 10:00 a.m. after overnight fasting and were stored at −80 ºC until analysis.
All measurements were performed with standard techniques in the laboratory of the
Helsinki University Hospital and Rigshospitalet Copenhagen. All examinations were
performed between January and October 2017. The Research Ethics Committee of the
Helsinki University Hospital, the Regional Committee of Health Research Ethics, Denmark
and the Danish Data Protection Agency, approved the study.

2.2. Physical Fitness Tests
2.2.1. Dominant Hand-Grip Muscle Strength by Dynamometer

Sitting hand-grip strength (kg), with the forearm neutral and the elbow flexed 90
degrees, was measured using a Jamar dynamometer (Warrenville, IL, USA) twice with
each hand. The highest value attained with the dominant hand was reported. Results were
compared to age- and sex-specific normative reference values for grip strength [16].

2.2.2. Functional Mobility by Timed Up-and-Go Test

The patient was seated on a chair with their back against the chair back. A tape mark
was placed on the floor three meters from the front edge of the chair. When timing started
the patient walked to the tape, turned around, walked back to the chair and sat down with
regular pace. Timing (s) ended when the patient was seated again. Results were compared
to age- and sex-specific normative reference values [17].

2.2.3. Dynamic Muscular Endurance by Sit-to-Stand Test

The patient was seated on a chair with their feet flat on the floor. The patient was to
fully stand up and sit down as many times as possible in one minute in their own pace.
Results were compared to age- and sex-specific normative reference values [18].

2.2.4. Gait Speed Test

A 4.6-m (15 feet) walking lane was marked on the floor. The patient walked at his
regular pace along the walking lane, and the timing was stopped when the patient crossed
the 4.6-m mark with both feet. Gait speed (m/s) was compared to age- and sex-specific
normative values of four-meter gait speed in the NIH Toolbox Study [19].

2.2.5. Endurance by Two-Minute Walk Test

A 15.2-m walking lane was marked on the floor. The patient was asked to walk along
the lane for two minutes as quickly as possible. The distance walked (m) was compared to
age- and sex-specific normative reference values [20].

2.3. Physical Activity Assessment

Physical activity was assessed by The Global Physical Activity Questionnaire (GPAQ)
developed by WHO [21]. Total metabolic equivalent of task (MET)-minutes per week
was calculated using the formula: [cycling/walking MET-minutes/week = 4.0 × cy-
cling/walking minutes × cycling/walking days] + [moderate MET-minutes/week = 4.0 ×
moderate-intensity activity minutes × moderate days] + [vigorous MET-minutes/week = 8.0
× vigorous-intensity activity minutes × vigorous-intensity days] = total physical activity
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MET-minutes per week. The WHO recommends physical activity corresponding to a
minimum of 600 MET-minutes per week.

2.4. Assessment of Frailty

The phenotypes of frail and pre-frail, as originally defined by Fried et al. [8], were
modified to this patient cohort. The participants were defined as pre-frail if they fulfilled
two and frail if they fulfilled three or more of the following five criteria:

2.4.1. Low Lean Muscle Mass

Body composition was measured by dual-energy X-ray absorptiometry (DXA; Lunar
Prodigy Advance fan beam scanner, GE Medical Systems, Madison, WI, USA, Prodigy
enCORE software version 16.10.151). Appendicular lean muscle mass (the sum of the lean
mass in arms and legs/height, kg/m2) of less than 1.5 SD from the mean in the National
Health and Nutrition Examination Study (NHANES) was classified as low lean muscle
mass [22].

2.4.2. Low Energy Expenditure

The level of physical activity was assessed by the GPAQ questionnaire, as described
above. The WHO classification criteria of 600 MET-minutes per week was used as a cutoff
level [21].

2.4.3. Slowness

A two-minute walk test result less than 1.5 SD from the age- and sex-specific values
was classified as slow [20].

2.4.4. Weakness

Dynamic muscular endurance from the lower extremity was assessed with the sit-to-
stand test. A test result less than 1.5 SDs below age- and sex-specific values was classified
as weak [18].

2.4.5. Exhaustion

The vitality subscale of the Medical Outcomes Survey Short Form-36 (SF-36) version
2.0 was used to classify exhaustion [23,24]. The cutoff was set at 1.5 SDs below the age- and
sex-specific Finnish population mean of 50.

For three patients one of the criteria was missing, and the frailty score was calculated
based on four criteria.

2.5. Data Analysis

The Mann–Whitney U-test and Fisher’s exact test were used for statistical comparisons
between groups. Test scores of physical fitness were transformed into Z-scores based on
normative reference values (mean 0, SD 1; higher scores indicate better performance) and
Z-scores were used in all data analyses. Physical fitness was compared to expected Z-values
with the One-sample Kolmogorov–Smirnov test.

Spearman correlation coefficient was used to study correlations between study out-
comes (physical fitness, physical activity and frailty) and transplant-related risk factors,
clinical outcomes and laboratory assessments presented in Table 1. All statistically signif-
icant results are presented in the text. The parameters that correlated significantly with
prefrail to frail health or that were theoretically of interest were further analyzed in a
backward multiple linear regression analysis with prefrail to frail health as a dependent
variable. Two-sided p-values < 0.05 were considered statistically significant. Analyses were
performed using the IBM SPSS statistical software (version 27, Chicago, IL, USA).
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Table 1. Background characteristics of all study participants as well as the pre-frail and frail subgroup
compared to non-pre-frail and non-frail participants.

Characteristic
All HSCT Pre-Frail and Frail

Participants
Non-Frail

Participants
p

Survivors

n = 98 n = 30 n = 68

Age at examination (years) 28.7 ± 7.3 29.5 ± 8.0 28.4 ± 7.0
0.62218.5–47.0 18.7–43.2 18.5–47.0

Time since HSCT (years) 19.0 ± 7.0 19.8 ± 7.9 18.6 ± 6.5
0.5377.7–34.6 8.1–33.4 7.7–34.6

Treatment regimens

Total body irradiation, n (%) 1 72 (73%) 26 (87%) 46 (68%) 0.081
Chemotherapy before HSCT,

66 (67%) 20 (67%) 46 (68%) 1n (%)

Total CNS radiation dose (cGy) 1036 ± 929 1384 ± 1137 842 ± 713
0.1810–3600 0–3600 0–3000

Total gonadal radiation
dose (cGy)

987 ± 1009 1208 ± 1067 885 ± 981
0.2520–4130 0–4130 0–3600

Doxorubicin isoequivalent dose
(mg/m2) 2

162 ± 167 150 ± 187 168 ± 158
0.4120–750 0–750 0–517

Cyclophosphamide equivalent
dose (mg/m2) 2

6625 ± 4874 7175 ± 5028 6379 ± 4822
0.2470–28,743 2600–28,743 0–23,461

Clinical outcomes, n (%)

Chronic graft-versus-host disease 28 (29%) 14 (47%) 14 (21%) 0.014
Testosterone substitution 25 (26%) 9 (30%) 16 (24%) 0.616

Anti-hypertension medication 12 (12%) 5 (17%) 7 (10%) 0.504
Current smoker 20 (20%) 6 (20%) 14 (21%) 1

Hazardous drinking 3 2 (2%) 2 (7%) 0 0.092

Laboratory assessments

Height (cm) 171.6 ± 9.8 166.5 ± 8.6 174.1 ± 9.6
<0.001143.2–199.0 143.2–180.2 150.0–199.0

Testicular volume (ml) 4 13.4 ± 7.6 10.6 ± 7.0 14.7 ± 7.6
0.0152.0–27.0 2.0–25.0 2.0–27.0

Triglycerides (mmol/L) 1.9 ± 1.7 2.0 ± 1.2 1.8 ± 1.9
0.070.4–12.4 0.7–5.2 0.4–12.4

Resting heart rate (beats/min) 73.7 ± 14.3 78.9 ± 13.7 70.3 ± 13.6
0.02845.0–122.3 56.0–122.3 45.0–110.0

Diastolic blood pressure (mmHg) 74.5 ± 11.7 75.5 ± 13.3 74.1 ± 11.5
0.6845.3–125.0 52.7–105.0 45.3–125.0

Systolic blood pressure (mmHg) 127.2 ± 13.3 127.0 ± 14.0 127.9 ± 13.3
0.601102.0–174.0 106.0–158.0 102.0–174.0

High-density lipoprotein
(mmol/L)

1.2 ± 0.3 1.1 ± 0.3 1.2 ± 0.3
0.20.5–2.2 0.6–1.9 0.5–2.2

Glycosylated hemoglobin A1c (%) 6.2 ± 1.4 5.9 ± 0.8 6.3 ± 1.6
0.6214.6–13.6 4.6–8.4 4.7–13.6

Lean mass (kg) 48.1 ± 10.6 40.4 ± 7.8 51.3 ± 10.2
<0.00119.7–82.6 20.0–54.9 31.1–82.6

Fat mass (%)
28.3 ± 7.9 32.2 ± 7.8 26.5 ± 7.4

<0.0017.7–45.5 7.7–45.5 10.5–44.6
Note. Data presented as mean ± SD, range, unless otherwise indicated. Exact p-values are derived from the
Mann–Whitney U-test or Fisher’s Exact Test. Abbreviations: HSCT, Hematopoietic stem cell transplantation.
1 Two patients treated with total body irradiation received a 2 Gy single dose, the rest of the treated patients
received 10–12 Gy in 3–6 fractions. 2 Data missing for one survivor. 3 Weekly intake > 287 g, i.e., ≥24 standard
drinks. 4 Data missing for four survivors.
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3. Results
3.1. Participants

Patient characteristics are presented in Table 1 and disease and treatment characteris-
tics in Table 2.

Table 2. Disease and treatment characteristics of all study participants.

Disease and Treatment Characteristics, n (%)
All HSCT

Survivors, n = 98

Diagnoses

Malignancies 74 (75.5)

Acute lymphoblastic leukemia 45 (45.9)
Acute myeloid leukemia 9 (9.2)
Other malignant disease 20 (20.4)

Benign diseases 24 (24.5)

Severe aplastic anemia 13 (13.3)
Immune deficiency syndromes 6 (6.1)

Histiocytic disorders 2 (2.0)
Inherited abnormalities of erythrocyte function 3 (3.1)

High dose treatment with allogeneic HSCT

Donor

Sibling 47 (48.0)
Related 8 (8.2)

Unrelated donor 43 (43.9)

Stem cell source

Bone marrow 91 (92.9)
Peripheral blood 4 (4.1)

Umbilical cord blood 3 (3.1)

Conditioning regimens

TBI based conditioning 72 (73)

TBI + Cyclophosphamide 47 (48)
TBI + ARAC: Sytarabine 15 (15)

TBI + Other 10 (10)

Non-TBI based conditioning 26 (27)

Busulfan + Cyclophosphamide 11 (11)
Cyclophosphamide 8 (8)

Other 7 (7)

Acute graft-versus-host disease 69 (70.4)

Grade I 21 (21.4)
Grade II 29 (29.6)
Grade III 16 (16.3)
Grade IV 3 (3.1)

Late effects

Previous growth hormone therapy 26 (26.5)
Therapy for diabetes mellitus 8 (1)

Note. Data presented as n (%). Abbreviations: HSCT, Hematopoietic stem cell transplantation; TBI, Total body
irradiation.

The survivors had undergone HSCT at a mean age of 9.8 (SD 4.2, range 0.4–16.9)
years. Among participants, both hematologic malignancies (75%) and non-malignant
diseases (25%) were included. At the time of the study, 28 (29%) patients presented with
manifestations of cGvHD; 13 with mild, 12 with moderate and three with severe cGvHD.
Three patients were treated with systemic immunosuppressive medication.
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3.2. Physical Fitness

The measures of the dominant hand-grip muscle strength and sit-to-stand tests were
significantly reduced in the HSCT patients compared to the normative reference values
of the tests (Table 3). On the other hand, surprisingly HSCT patients walked significantly
faster in the timed up-and-go and two-minute walk tests compared to the reference values.
Their gait speed corresponded to the reference values.

Table 3. Physical fitness and activity of the long-term HSCT survivors (n = 97) compared to normative
reference values.

Raw Score Z-Score 1

Test (Unit) Median Range Median Range p2

Physical Fitness

Dominant hand grip-strength (kg) 48 20–83 −0.7 −4.3–3.9 <0.001
Timed up-and-go (s) 7.6 4.3–14.2 0.7 −4.5–6.1 <0.001

Sit-to-stand (repetitions) 33 10–78 −1.5 −3.5–2.5 <0.001
Gait Speed (m/s) 0.8 0.4–1.5 0.11 −2.7–5.8 0.549

Two-minute walk test (m) 217.3 98.9–288.8 0.5 −3.4–2.9 <0.001

Physical activity

MET-minutes 3 2620.0 0–51,240.0 - - -
MET-minutes < 600 min, n (%) 12 (12.2%) - - -

1 Z-scores were calculated based on normative reference values. For all Z-values, higher scores indicate better
performance. 2 p-values from the One-sample Kolmogorov–Smirnov test. 3 Total metabolic equivalent of task-
minutes per week.

Of transplant related factors, a higher CNS irradiation dose correlated with lower
performance in the dominant hand-grip strength (rs −0.223, p = 0.028) and two-minute
walk tests (rs −0.303, p = 0.003). Longer follow-up time since HSCT was correlated with
several domains of poorer physical fitness (timed up-and-go rs −0.422, p < 0.001, gait
speed rs −0.280, p = 0.005 and two-minute walk test rs −0.304, p = 0.002). Similarly, older
age at examination was correlated with poorer performance (timed up-and-go rs −0.241,
p = 0.017, two-minute walk test rs −0.215, p = 0.035).

Of the clinical outcomes, cGvHD was correlated with poorer performance in dominant
hand-grip muscle strength (rs −0.323, p = 0.001) and gait speed (rs −0.219, p = 0.031).
Survivors on testosterone substitution had reduced test results in dominant hand-grip
strength (rs −0.250, p = 0.013), gait speed (rs −0.265, p = 0.009) and two-minute walk tests
(rs −0.217, p = 0.033). Similarly, survivors on antihypertensive medication had reduced
results in the two-minute walk test (rs −0.252, p = 0.013). In addition, current smokers had
decreased performance in the two-minute walk test (rs −0.242, p = 0.017).

Of the clinical assessments, height and testicular volume were positively correlated
with dominant hand-grip strength (rs 0.528, p< 0.001 and rs 0.511, p < 0.001, respectively),
gait speed (rs 0.230, p = 0.023 and rs 0.365, p < 0.001), and the two-minute walk test (rs 0.334,
p < 0.001 and rs 0.230, p = 0.027). Decreased physical fitness in the two-minute walk test
was correlated with several cardiovascular risk factors including increased levels of serum
triglycerides (rs −0.331, p< 0.001), higher resting heart rate (rs −0.251, p = 0.013), diastolic
blood pressure (rs −0.222, p = 0.029) and higher glycosylated hemoglobin A1c (GHbA1c, rs
−0.202, p = 0.047). Lower performance in the sit-to-stand test was also associated with a
higher resting heart rate (rs −0.274, p = 0.007). Furthermore, higher fat mass percentage
and lower lean mass were correlated with poorer dominant hand-grip muscle strength (rs
−0.275, p = 0.007 and rs 0.671, p < 0.001, respectively), two-minute walk test (rs −0.416,
p < 0.001 and rs 0.230, p = 0.023) and sit-to-stand test (rs −0.197, p = 0.053 for fat mass).
Survivors with low energy expenditure (MET-minutes <600) had a reduced score in the
two-minute walk test (rs −0.216, p = 0.034).
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3.3. Physical Activity

Self-reported physical activity, measured as MET-minutes per week, was not related
to previously received treatment regimens. Likewise, follow-up time since HSCT was not
associated with physical activity, but younger survivors reported higher activity levels
(rs −0.212, p = 0.036). None of the clinical outcomes were significantly correlated with
self-reported physical activity. Of the laboratory assessments, decreased levels of serum
triglycerides (rs −0.249, p = 0.013), lower fat mass percentage (rs −0.287, p = 0.004) and
higher high-density lipoprotein (HDL, rs 0.342, p < 0.001) were correlated with higher
physical activity.

For the subgroup of survivors who reported the lowest physical activity levels (n = 12,
12%), low energy expenditure (<600 MET-minutes per week) was associated with higher
levels of serum triglycerides (rs 0.250, p = 0.013), GHbA1c (rs 0.200, p = 0.048) and fat mass
percentage (rs 0.221, p = 0.029) as well as lower HDL (rs −0.275, p = 0.006). Survivors with
low energy expenditure were significantly more likely to need antihypertensive medication
(rs 0.240, p = 0.017).

3.4. Prevalence of Frailty

The prevalence of pre-frailty 20% (20/98) and frailty 10% (10/98) was high among
the survivors. Frailty components were reported as low lean muscle mass (36%), self-
reported exhaustion (15%), low energy expenditure (11%), slowness (6%) and weakness
(45%) among all survivors.

There was only a trend for TBI treated survivors to have more prefrailty or frailty
compared to non-TBI treated survivors (Table 1). No correlation was observed between
primary hematological disease and the development of frailty. Of the clinical outcomes,
cGvHD was significantly more common among survivors with prefrail to frail health. The
two survivors who reported hazardous drinking had prefrail status. However, there were
similar frequencies of survivors with testosterone substitution, antihypertensive medication
and current smokers among the prefrail to frail and non-frail survivors.

Of the laboratory and clinical assessments, frail to prefrail survivors had significantly
shorter height, smaller adult testicular volume, higher resting heart rate, lower lean mass
and higher fat percentage compared to non-frail survivors. In our cohort, increasing age (rs
0.050, p = 0.622) and follow-up time (rs 0.063, p = 535) were not associated with frail health
among HSCT survivors. Furthermore, total bone mass (kg) was compared between the
groups and found to be significantly lower in the prefrail to frail survivors (median 1.1,
range 0.8–1.9) compared to the non-frail survivors (median 1.2, range 1.0–1.5, p < 0.001).

3.5. Risk Factors Associated with Prefrail to Frail Health

A significant regression equation was found, F(4,89) = 8.05, p < 0.001, adjusted
R2 = 0.233. The risk factors included in the backward multiple regression analysis were
TBI, cGvHD, current smoker, hazardous drinking, height, adult testicular volume, resting
heart rate and fat mass percentage. Significant predictors of prefrail to frail status were
higher fat mass percentage (β = 0.260, p = 0.008), shorter height (β = −0.240, p = 0.016),
cGvHD (β = 0.215, p = 0.026) and hazardous drinking (β = 0.196, p = 0.035).

4. Discussion

The present study showed that signs of frail health are prevalent and muscle strength
significantly decreased among very long-term survivors of allogeneic HSCT in childhood.
Thirty-one percent of the survivors fulfilled two or more components of frail health (low
lean mass, low physical activity, weakness, slowness, exhaustion). Chronic GvHD, shorter
stature, higher fat percentage and hazardous drinking were shown to be potential factors
contributing to frail health after childhood allogeneic HSCT. Poor physical fitness and low
physical activity level were associated with older age at examination and cardiovascular
risk factors.
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The prevalence of the pre-frailty (20%) and frailty (10%) phenotypes in the present
cohort were unexpectedly high when considering the young mean age of 28.7 years of the
survivors. The prevalence of frailty is known to be 10% among community-dwelling elderly
persons above 65 years of age [25]. However, the results are well in line with a previous
report of adult allogeneic transplant recipients where the prevalence of frailty was 8% and
prefrailty 17% at a mean age of 42 years [26]. The frailty phenotype in pediatric HSCT
recipients seems to be somewhat different than described in the aging populations. After
childhood allogeneic HSCT, low lean mass was common; muscle weakness and slowness
were not. Transplanted children may experience muscle wasting, often compounded by
poor nutritional intake, hormonal disruption and decreased physical activity during key
periods of development. These factors may contribute to reduced motor competence,
physical inactivity, suboptimal lean mass and exhaustion in the decades following HSCT.
The present observation suggests a significantly accelerated physical aging especially after
childhood allogeneic HSCT.

We have previously reported that high-risk pediatric neuroblastoma survivors treated
with TBI and autologous HSCT display frail health and signs of premature arterial aging
in early adulthood [9]. In the present study, we were not able to demonstrate a significant
association between TBI and frailty or decreased physical fitness. The only treatment
related factor that was significantly associated with physical fitness was the total amount
of CNS irradiation. However, cardiovascular risk factors were associated with decreased
physical fitness, e.g., increased levels of serum lipids, increased resting heart rate and
increased diastolic blood pressure. This increases the risk of early onset metabolic and
cardiovascular disease warranting continuous cardiometabolic follow-up.

Lower skeletal muscle mass and higher android/gynoid fat ratio has been reported
in the present survivor cohort [10]. In the present study, we further showed that sar-
copenia associates with decreased physical fitness and is an important criterion for the
frail phenotype with 36% of the cohort performing under the clinical cut-off for low lean
muscle mass. Furthermore, higher fat body mass was an important indicator of both lower
physical fitness and activity. It was also the risk factor most strongly predicting frailty in
the regression analysis. Testosterone is closely associated with muscle and fat mass [27].
Consequently, the need for testosterone substitution and decreased adult testicular volume
were associated with lower muscle strength, endurance and gait speed among survivors.
The endocrine system is a key parameter in poor physical health and frailty because of its
many interactions with the whole organism, in particular the brain, the skeletal muscles
and the immune system [28]. Testosterone increases the production of muscle proteins
by stimulating muscle androgen receptors and by intervening on the Insulin-like growth
factor 1 system within the muscle [29]. In a recent meta-analysis, serum free testosterone
was suggested as a biomarker for characterizing physical frailty [30]. A parallel decrease of
both free and total testosterone is known to occur during physiological aging but is also a
hallmark of hypogonadism, which has previously also been reported in the present patient
cohort [12]. Several trials have reinforced the beneficial effects of testosterone therapy on
muscle strength and symptoms of frailty [31]. After pediatric HSCT, gradual deterioration
of Leydig cell function has been reported and a clinically significant reduction may first be
detected in early adulthood [12,32]. Therefore, male long-term survivors of pediatric HSCT
require special attention regarding symptoms of testosterone deficiency.

Active cGvHD was shown to be a significant contributing factor to frail health and
decreased physical fitness after childhood allogeneic HSCT. This observation is in line with
a previous report from adult allogeneic HSCT recipients where active cGvHD significantly
increased the risk of frailty [26]. The association is expected since cGvHD itself has a
significant negative effect on quality of life and symptom burden. In the present cohort,
the proportion of current smokers was 20%, and 2% of survivors reported hazardous
drinking. These proportions are comparable to the Finnish general population with 16%
of 35–44-year-old males being daily smokers and 7% of 17–79-year-old males high-risk
alcohol users [33,34]. Despite the potential long-term risks, some survivors continued



Cancers 2022, 14, 3310 10 of 12

to engage in these high-risk behaviors that clearly affected their health. Similarly, poor
muscle mass and strength as well as obesity were shown to be important risks in this
population. The finding that cGvHD, higher body fat mass and hazardous drinking
were independently associated with frail health suggests potential modifiable targets for
behavioral and clinical interventions to ameliorate frailty. The results overall indicate a
need for targeted interventions concerning health information and health promotion for
this high-risk population.

A few limitations should be considered when interpreting these results. First, the
assessment methods used to define frail health vary substantially between studies affecting
the comparability of results. The criteria for frailty can either be defined by different
physical tests or by self-reports. In this study, physical tests with age- and sex -specific
normative values were used for three of the criteria and standardized self-reports for two
(weekly physical activity level and self-reported exhaustion). Our criteria for frailty differed
slightly from those used by Fried et al. in an aging population. They used unintentional
weight loss to define loss of lean muscle mass, and two questions from the Center for
Epidemiologic Studies Depression Questionnaire to characterize exhaustion. It is possible
that our choice of different measures than were used in the original study affected results
on lean mass and exhaustion. Additionally, the definition for prefrail status varies; some
studies use the presence of one or two criteria as the cut-off [8], while others require two
criteria [7]. The latter, stricter definition was used in this study. Second, concerning risk
factors, more than a fourth of the survivors had testosterone substitution, indicating that
testosterone deficiency is a major issue in this patient population. A limitation was that
we could not evaluate the treatment effectiveness of the used testosterone substitution
since no repeated measurements were undertaken. Third, albeit two national cohorts were
collected, the sample size was limited, particularly when the heterogeneity of the sample
is considered. However, since 54% of the national cohorts of survivors was enrolled, we
believe that this study series represents long-term male HSCT survivors in general. Major
strengths of the study include the comprehensive set of physical tests and cardiometabolic
health markers.

5. Conclusions

Young adult survivors of childhood HSCT have a higher-than-expected prevalence of
frailty, suggesting that pediatric HSCT recipients may have accelerated aging. Survivors
also presented lower physical fitness and several cardiovascular risk factors, which may
increase their risk for cardiovascular and metabolic diseases in the future. Some modifiable
predictors for frail health and poor physical fitness were found, namely higher body
fat mass, regular smoking and hazardous drinking. These results indicate a need for
individual monitoring of motor performance with standardized tests, cardiometabolic
follow up as well as active health education in the decades following HSCT. Longitudinal
surveillance of survivors is needed to identify those at highest risk and provide targeted
interventions like home- or hospital-based exercise programs or active video games to
promote physical activity and to prevent or alleviate adverse outcomes associated with
frailty in this population.

Author Contributions: Conceptualization, K.M. and K.J.; data curation, A.S., S.M. and K.J.; formal
analysis, A.S. and A.H.; funding acquisition, S.M., K.M. (Denmark) and K.J. (Finland); investigation,
A.S., S.M., M.M.N., P.M.L. and K.J.; methodology, A.S., S.M., K.S., M.I., C.M., A.J., K.M. and K.J.;
project administration, K.M. and K.J.; resources, K.M. and K.J.; supervision, K.M. and K.J.; validation,
A.S., A.H., K.M. and K.J.; visualization, A.S.; writing—original draft, A.S., A.H. and K.J.; writing—
review and editing, S.M., M.M.N., P.M.L., K.S., M.I., C.M., A.J., K.M. and K.J. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by grants from the Finnish Cancer Society, the Finnish Foundation
of Paediatric Research, Helsinki University Research Foundation (Finland), the Swedish Childhood
Cancer Foundation, the Swedish Research Council, the Birgitta and Carl–Axel Rydbeck’s Research
Grant for Paediatric Research (Sweden), the Danish Childhood Cancer Foundation, Rigshospitalet’s



Cancers 2022, 14, 3310 11 of 12

Research Foundation (Denmark), the Danish Cancer Society, the Danish Cancer Research Foundation,
Dagmar Marshall’s Fund (Denmark) and the Hartmann Brothers’ Fund (Denmark). Open access
funding provided by University of Helsinki.

Institutional Review Board Statement: This study was approved by the Regional Committee on
Health Research Ethics, Denmark (H-16043059), the Danish Data Protection Agency (RH-2017-58), the
Helsinki University Hospital (HUS/1742/2016) and the Research Ethics Committee of the Helsinki
University Hospital (DNR no. 1905-32/300/05).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets analyzed during the current study are available upon
reasonable request.

Acknowledgments: We thank the participating patients as well as investigators and coordinators
who contributed to the study in Finland and Denmark.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Oeffinger, K.C.; Mertens, A.C.; Sklar, C.A.; Kawashima, T.; Hudson, M.M.; Meadows, A.T.; Friedman, D.L.; Marina, N.; Hobbie,

W.; Kadan-Lottick, N.S.; et al. Chronic Health Conditions in Adult Survivors of Childhood Cancer. N. Engl. J. Med. 2006, 355,
1572–1582. [CrossRef] [PubMed]

2. Armenian, S.H.; Sun, C.-L.; Kawashima, T.; Arora, M.; Leisenring, W.; Sklar, C.A.; Baker, K.S.; Francisco, L.; Teh, J.B.; Mills, G.;
et al. Long-term health-related outcomes in survivors of childhood cancer treated with HSCT versus conventional therapy: A
report from the Bone Marrow Transplant Survivor Study (BMTSS) and Childhood Cancer Survivor Study (CCSS). Blood 2011, 118,
1413–1420. [CrossRef] [PubMed]

3. Wilhelmsson, M.; Vatanen, A.; Borgström, B.; Gustafsson, B.; Taskinen, M.; Saarinen-Pihkala, U.M.; Winiarski, J.; Jahnukainen, K.
Adverse health events and late mortality after pediatric allogeneic hematopoietic SCT—Two decades of longitudinal follow-up.
Bone Marrow Transplant. 2015, 50, 850–857. [CrossRef] [PubMed]

4. Chow, E.J.; Anderson, L.; Baker, K.S.; Bhatia, S.; Guilcher, G.M.; Huang, J.T.; Pelletier, W.; Perkins, J.L.; Rivard, L.S.; Schechter,
T.; et al. Late Effects Surveillance Recommendations among Survivors of Childhood Hematopoietic Cell Transplantation: A
Children’s Oncology Group Report. Biol. Blood Marrow Transplant. 2016, 22, 782–795. [CrossRef]

5. Mertens, A.C.; Yasui, Y.; Liu, Y.; Stovall, M.; Hutchinson, R.; Ginsberg, J.; Sklar, C.; Robison, L.L. Pulmonary complications in
survivors of childhood and adolescent cancer. Cancer 2002, 95, 2431–2441. [CrossRef]

6. Fridh, M.K.; Simonsen, C.; Schmidt-Andersen, P.; Nissen, A.A.; Christensen, J.F.; Larsen, A.; Mackey, A.L.; Larsen, H.B.; Müller, K.
Cardiorespiratory fitness and physical performance after childhood hematopoietic stem cell transplantation: A systematic review
and meta-analysis. Bone Marrow Transplant. 2021, 56, 2063–2078. [CrossRef]

7. Ness, K.K.; Krull, K.R.; Jones, K.E.; Mulrooney, D.A.; Armstrong, G.T.; Green, D.M.; Chemaitilly, W.; A Smith, W.; Wilson, C.L.;
Sklar, C.A.; et al. Physiologic Frailty as a Sign of Accelerated Aging Among Adult Survivors of Childhood Cancer: A Report from
the St Jude Lifetime Cohort Study. J. Clin. Oncol. 2013, 31, 4496–4503. [CrossRef]

8. Fried, L.P.; Tangen, C.M.; Walston, J.; Newman, A.B.; Hirsch, C.; Gottdiener, J.; Seeman, T.; Tracy, R.; Kop, W.J.; Burke, G.; et al.
Frailty in Older adults: Evidence for a phenotype. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2001, 56, M146–M156. [CrossRef]

9. Vatanen, A.; Hou, M.; Huang, T.; Söder, O.; Jahnukainen, T.; Kurimo, M.; Ojala, T.H.; Sarkola, T.; Turanlahti, M.; Saarinen-Pihkala,
U.M.; et al. Clinical and biological markers of premature aging after autologous SCT in childhood cancer. Bone Marrow Transplant.
2017, 52, 600–605. [CrossRef]

10. Nielsen, M.M.; Mathiesen, S.; Suominen, A.; Sørensen, K.; Ifversen, M.; Mølgaard, C.; Lähteenmäki, P.M.; Juul, A.; Jahnukainen, K.;
Müller, K. Altered body composition in male long-term survivors of paediatric allogeneic haematopoietic stem cell transplantation:
Impact of conditioning regimen, chronic graft-versus-host disease and hypogonadism. Bone Marrow Transplant. 2021, 56, 457–460.
[CrossRef]

11. Haavisto, A.; Mathiesen, S.; Suominen, A.; Lähteenmäki, P.; Sørensen, K.; Ifversen, M.; Juul, A.; Nielsen, M.M.; Müller, K.;
Jahnukainen, K. Male Sexual Function after Allogeneic Hematopoietic Stem Cell Transplantation in Childhood: A Multicenter
Study. Cancers 2020, 12, 1786. [CrossRef] [PubMed]

12. Mathiesen, S.; Sørensen, K.; Nielsen, M.M.; Suominen, A.; Ifversen, M.; Grell, K.; Lähteenmäki, P.; Frederiksen, H.; Juul, A.; Müller,
K.; et al. Male Gonadal Function after Allogeneic Hematopoietic Stem Cell Transplantation in Childhood: A Cross-Sectional,
Population-Based Study. Biol. Blood Marrow Transplant. 2020, 26, 1635–1645. [CrossRef] [PubMed]

13. Muhic, E.; Mathiesen, S.; Nielsen, M.M.; Suominen, A.; Sørensen, K.; Ifversen, M.; Nolsöe, R.L.; Pedersen, K.M.; Lähteenmäki, P.;
Nordestgaard, B.G.; et al. Metabolic Syndrome in Male Survivors of Pediatric Allogeneic Hematopoietic Stem Cell Transplantation:
Impact of Total Body Irradiation, Low-Grade Inflammation, and Hypogonadism. Transplant. Cell. Ther. 2021, 27, 778.e1–778.e8.
[CrossRef] [PubMed]

http://doi.org/10.1056/NEJMsa060185
http://www.ncbi.nlm.nih.gov/pubmed/17035650
http://doi.org/10.1182/blood-2011-01-331835
http://www.ncbi.nlm.nih.gov/pubmed/21652685
http://doi.org/10.1038/bmt.2015.43
http://www.ncbi.nlm.nih.gov/pubmed/25798676
http://doi.org/10.1016/j.bbmt.2016.01.023
http://doi.org/10.1002/cncr.10978
http://doi.org/10.1038/s41409-021-01370-2
http://doi.org/10.1200/JCO.2013.52.2268
http://doi.org/10.1093/gerona/56.3.M146
http://doi.org/10.1038/bmt.2016.334
http://doi.org/10.1038/s41409-020-01038-3
http://doi.org/10.3390/cancers12071786
http://www.ncbi.nlm.nih.gov/pubmed/32635426
http://doi.org/10.1016/j.bbmt.2020.05.009
http://www.ncbi.nlm.nih.gov/pubmed/32447044
http://doi.org/10.1016/j.jtct.2021.05.025
http://www.ncbi.nlm.nih.gov/pubmed/34091072


Cancers 2022, 14, 3310 12 of 12

14. Green, D.M.; Nolan, V.G.; Ms, P.J.G.; Ms, J.A.W.; Srivastava, D.; ScD, W.M.L.; Neglia, J.; Sklar, C.A.; Kaste, S.C.; Hudson, M.M.;
et al. The cyclophosphamide equivalent dose as an approach for quantifying alkylating agent exposure: A report from the
childhood cancer survivor study. Pediatr. Blood Cancer 2013, 61, 53–67. [CrossRef] [PubMed]

15. Halme, J.T.; Seppä, K.; Alho, H.; Pirkola, S.; Poikolainen, K.; Lönnqvist, J.; Aalto, M. Hazardous Drinking: Prevalence and
Associations in the Finnish General Population. Alcohol. Clin. Exp. Res. 2008, 32, 1615–1622. [CrossRef]

16. Werle, S.; Goldhahn, J.; Drerup, S.; Simmen, B.R.; Sprott, H.; Herren, D.B. Age- and Gender-Specific Normative Data of Grip and
Pinch Strength in a Healthy Adult Swiss Population. J. Hand Surg. 2009, 34, 76–84. [CrossRef]

17. Kear, B.M.; Guck, T.P.; McGaha, A.L. Timed Up and Go (TUG) Test. J. Prim. Care Community Health 2017, 8, 9–13. [CrossRef]
18. Strassmann, A.; Steurer-Stey, C.; Lana, K.D.; Zoller, M.; Turk, A.J.; Suter, P.; Puhan, M.A. Population-based reference values for

the 1-min sit-to-stand test. Int. J. Public Health 2013, 58, 949–953. [CrossRef]
19. Bohannon, R.W.; Wang, Y.-C. Four-Meter Gait Speed: Normative Values and Reliability Determined for Adults Participating in

the NIH Toolbox Study. Arch. Phys. Med. Rehabil. 2019, 100, 509–513. [CrossRef]
20. Bohannon, R.W.; Wang, Y.-C.; Gershon, R.C. Two-Minute Walk Test Performance by Adults 18 to 85 Years: Normative Values,

Reliability, and Responsiveness. Arch. Phys. Med. Rehabil. 2015, 96, 472–477. [CrossRef]
21. World Health Organization. Global Physical Activity Questionnaire (GPAQ) Analysis Guide. Available online: http://www.who.

int/ncds/surveillance/steps/resources/GPAQ_Analysis_Guide.pdf (accessed on 4 November 2018).
22. Kelly, T.L.; Wilson, K.E.; Heymsfield, S.B. Dual Energy X-Ray Absorptiometry Body Composition Reference Values from NHANES.

PLoS ONE 2009, 4, e7038. [CrossRef] [PubMed]
23. Ware, J.E., Jr.; Sherbourne, C.D. The MOS 36-item short-form health survey (SF-36). I. Conceptual framework and item selection.

Med. Care 1992, 30, 473–483. [CrossRef] [PubMed]
24. Ware, J.E., Jr. SF-36 Health Survey Update. Spine 2000, 25, 3130–3139. [CrossRef] [PubMed]
25. Collard, R.M.; Boter, H.; Schoevers, R.A.; Voshaar, R.O. Prevalence of Frailty in Community-Dwelling Older Persons: A Systematic

Review. J. Am. Geriatr. Soc. 2012, 60, 1487–1492. [CrossRef]
26. Arora, M.; Sun, C.-L.; Ness, K.K.; Teh, J.B.; Wu, J.; Francisco, L.; Armenian, S.H.; Schad, A.; Namdar, G.; Bosworth, A.; et al.

Physiologic Frailty in Nonelderly Hematopoietic Cell Transplantation Patients. JAMA Oncol. 2016, 2, 1277–1286. [CrossRef]
27. Mouser, J.G.; Loprinzi, P.D.; Loenneke, J.P. The association between physiologic testosterone levels, lean mass, and fat mass in a

nationally representative sample of men in the United States. Steroids 2016, 115, 62–66. [CrossRef]
28. Clegg, A.; Hassan-Smith, Z. Frailty and the endocrine system. Lancet Diabetes Endocrinol. 2018, 6, 743–752. [CrossRef]
29. Afilalo, J. Androgen Deficiency as a Biological Determinant of Frailty: Hope or Hype? J. Am. Geriatr. Soc. 2014, 62, 1174–1178.

[CrossRef]
30. Mailliez, A.; Guilbaud, A.; Puisieux, F.; Dauchet, L.; Boulanger, É. Circulating biomarkers characterizing physical frailty: CRP,

hemoglobin, albumin, 25OHD and free testosterone as best biomarkers. Results of a meta-analysis. Exp. Gerontol. 2020, 139,
111014. [CrossRef]

31. Seftel, A.D.; Kathrins, M.; Niederberger, C. Critical Update of the 2010 Endocrine Society Clinical Practice Guidelines for Male
Hypogonadism. Mayo Clin. Proc. 2015, 90, 1104–1115. [CrossRef]

32. Taneja, S.; Rao, A.; Nussey, S.; Leiper, A. Leydig cell failure with testicular radiation doses <20Gy: The clinical effects of total body
irradiation conditioned haematopoietic stem cell transplantation for childhood leukaemia during long-term follow-up. Clin.
Endocrinol. 2019, 91, 624–632. [CrossRef] [PubMed]

33. Lintonen, T.; Niemelä, S.; Mäkelä, P. Korkean riskin alkoholin käyttäjiä on Suomessa vähintään viisi prosenttia väestöstä. Vuoden
2016 Juomatapatutkimuksen tuloksia. At least five percent of the Finnish population are high risk alcohol users. Results from the
Drinking Habits Survey 2016. Duodecim 2019, 135, 1459–1466.

34. Tupakkatilasto 2018. Smoking Data 2018. Available online: https://urn.fi/URN:NBN:fi-fe2019121046603 (accessed on 11
November 2019).

http://doi.org/10.1002/pbc.24679
http://www.ncbi.nlm.nih.gov/pubmed/23940101
http://doi.org/10.1111/j.1530-0277.2008.00740.x
http://doi.org/10.1177/1753193408096763
http://doi.org/10.1177/2150131916659282
http://doi.org/10.1007/s00038-013-0504-z
http://doi.org/10.1016/j.apmr.2018.06.031
http://doi.org/10.1016/j.apmr.2014.10.006
http://www.who.int/ncds/surveillance/steps/resources/GPAQ_Analysis_Guide.pdf
http://www.who.int/ncds/surveillance/steps/resources/GPAQ_Analysis_Guide.pdf
http://doi.org/10.1371/journal.pone.0007038
http://www.ncbi.nlm.nih.gov/pubmed/19753111
http://doi.org/10.1097/00005650-199206000-00002
http://www.ncbi.nlm.nih.gov/pubmed/1593914
http://doi.org/10.1097/00007632-200012150-00008
http://www.ncbi.nlm.nih.gov/pubmed/11124729
http://doi.org/10.1111/j.1532-5415.2012.04054.x
http://doi.org/10.1001/jamaoncol.2016.0855
http://doi.org/10.1016/j.steroids.2016.08.009
http://doi.org/10.1016/S2213-8587(18)30110-4
http://doi.org/10.1111/jgs.12835
http://doi.org/10.1016/j.exger.2020.111014
http://doi.org/10.1016/j.mayocp.2015.06.002
http://doi.org/10.1111/cen.14059
http://www.ncbi.nlm.nih.gov/pubmed/31295360
https://urn.fi/URN:NBN:fi-fe2019121046603

	Introduction 
	Materials and Methods 
	Subjects 
	Physical Fitness Tests 
	Dominant Hand-Grip Muscle Strength by Dynamometer 
	Functional Mobility by Timed Up-and-Go Test 
	Dynamic Muscular Endurance by Sit-to-Stand Test 
	Gait Speed Test 
	Endurance by Two-Minute Walk Test 

	Physical Activity Assessment 
	Assessment of Frailty 
	Low Lean Muscle Mass 
	Low Energy Expenditure 
	Slowness 
	Weakness 
	Exhaustion 

	Data Analysis 

	Results 
	Participants 
	Physical Fitness 
	Physical Activity 
	Prevalence of Frailty 
	Risk Factors Associated with Prefrail to Frail Health 

	Discussion 
	Conclusions 
	References

