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A B S T R A C T

Purpose
Survivors of childhood acute lymphoblastic leukemia (ALL) are at risk for low bone mineral density
(BMD) and frail health, outcomes potentially modifiable by altering health behaviors and/or treating
endocrine abnormalities. We evaluated associations between lifestyle and hormonal deficits with
risk of low BMD and frailty among survivors of ALL.
Patients and Methods
Participants included 862 survivors of ALL (median age, 31.3 years [range, 18.4 to 59.7 years]) enrolled in
the St Jude Lifetime Cohort study. Bone density wasmeasured using quantitative computed tomography
of L1 through L2 vertebrae; low BMD was defined as an age- and sex-standardized z score , 21. The
presence of frailty or prefrailty was defined as having at least two of the following: lowmusclemass, self-
reported exhaustion, low energy expenditure, slowwalking speed, andweakness. Hormonal deficiencies
were determined according to medical history, medications, and laboratory findings (insulin-like growth
factor 1, follicle-stimulating hormone, luteinizing hormone, and testosterone levels). Logistic regression
was used to examine associations between lifestyle (smoking, alcohol consumption, and activity levels)
and deficiencies in growth hormone (GHD) and/or sex steroids with low BMD and frailty.
Results
Thirty percent of survivors met criteria for low BMD, and 18.6% for frailty/prefrailty. After adjusting
for body mass index, low BMD was associated with GHD (odds ratio [OR], 1.59; 95% CI, 1.02 to
2.13) and current smoking (OR, 1.71; 95%CI, 1.02 to 2.85) amongmen; and GHD (OR, 2.18; 95%CI,
1.26 to 3.78) and moderate alcohol consumption (OR, 2.09; 95% CI, 1.14 to 3.83) among women.
After adjusting for current age, the odds of frailty/prefrailty were increased among men with GHD
(OR, 2.97; 95%CI, 1.56 to 5.67) and thosewho smoked (OR, 3.26; 95%CI, 1.65 to 6.43); there were
no significant associations among women.

Conclusion
The findings suggest that survivors of ALL should receive counseling regarding lifestyle and undergo
screening for hormonal deficits to minimize the risk of low BMD and frailty.

J Clin Oncol 34:2509-2515. © 2016 by American Society of Clinical Oncology

INTRODUCTION

Contemporary treatments have improved the 5-year
survival rates of pediatric acute lymphoblastic leu-
kemia (ALL) to. 85%.1 However, survivors of ALL
are at increased risk for phenotypes that suggest
accelerated aging, such as deficits in bone mineral
density (BMD)2-4 and frailty.5

Low BMD, defined as a BMD z score greater
than one standard deviation (SD) below nor-
mative values, is of concern given the association

with increased fracture risk, impaired mobility,
and early mortality in the general population.6-8

Factors associated with low BMD among child-
ren treated for cancer include exposure to alkyl-
ating agents, methotrexate, and glucocorticoids9,10

and cranial or gonadal radiation.2,11 Radiation
therapy likely impairs BMD by damaging the
hypothalamic-pituitary axis, ovaries, or testes with
resultant hormonal deficiencies.12 Lifestyle factors,
such as smoking, alcohol consumption, and inac-
tive lifestyle, are associated with low BMD in the
general population.13-18 However, the contribution
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of these factors to BMD has not been extensively studied in survivors
of ALL.

Among survivors of childhood cancer, frailty (an age-associated
loss of fitness/function19) is a recently described phenomenon.5

Frailty is associated with chronic disease, falls and fractures, loss of
independence and mortality in the elderly20,21 and in survivors
of childhood cancer.5 Among elderly populations, frailty is influ-
enced by lifestyle and genetics.19 However, among young adult
survivors of ALL, reductions in physiologic reserve are more likely
related to organ systems damage following treatment. Recent data
indicate that untreated growth hormone deficiency (GHD) among
survivors exposed to cranial radiation is associated with muscle
weakness and low energy expenditure, suggesting that GHD may
mediate the association between cranial radiation and frailty.22 The
contribution of hormonal and lifestyle factors to the occurrence
of frailty phenotype among survivors of ALL has not been well
characterized.

In light of the high degree of morbidity and mortality
associated with low BMD and frailty in the general population, the
identification of factors that influence these health states among
survivors is of particular importance, given that survivors are at
risk for developing these outcomes decades earlier than expec-
ted.2-5 Unlike cancer therapies received in childhood, lifestyle
choices are modifiable and hormonal deficiencies may be reme-
diated by appropriate therapies. Therefore, the aims of this study
were to: (1) evaluate associations between lifestyle and hormonal
factors with risk of low BMD and presence of at least two com-
ponents of the frailty phenotype among adult survivors of
childhood ALL, and (2) determine if associations between hor-
monal status and low BMD or frailty mediated associations
between cancer therapeutic exposures and these outcomes.

PATIENTS AND METHODS

Survivors of childhood ALL participating in the St Jude Lifetime Cohort
Study (SJLIFE) assessed before April 30, 2013, were eligible for these
analyses. Eligibility criteria for SJLIFE include: prior therapy at St Jude
Children’s Research Hospital (SJCRH) for a childhood malignancy,
attained age of 18 years or older, and follow-up of 10 or more years from
diagnosis.23 Although SJLIFE is a longitudinal study, all data used in these
analyses were collected at participants’ baseline study visit. Of the 1,420
eligible survivors of ALL, 901 underwent clinical assessment at SJCRH, of
whom 862 had BMD testing using quantitative computed tomography
(QCT) and 846 had a functional assessment (Fig 1). All protocol docu-
ments were approved by the SJCRH Institutional Review Board and
informed consent was obtained from all participants.

Volumetric BMD of L1 and L2 vertebral bodies was measured using a
GE QCT Lightspeed 64 detector CT scanner (GE Healthcare, Milwaukee,
WI) and analyzed with dose modulation techniques, and Mindways QCT
calibration phantoms and software (Mindways Software, Inc., Austin,
TX).24,25 Age- and sex-specific z scores were calculated using the man-
ufacturer’s normative database.

Prefrailty was defined as having two and frailty as having at least three
of the following: low muscle mass, self-reported exhaustion, low energy
expenditure, slowwalking speed, and weakness. Dual x-ray absorptiometry
and height were used to determine relative lean muscle mass by dividing
lean mass (excluding the head but including bone mineral content)
by height in meters squared. Survivors with relative mass 1.5 SD below
age-, sex-, and race-specific values from the National Health and Nutrition
Examination Study (NHANES) were classified with low lean muscle

mass.26 Exhaustion was measured using the vitality subscale of the Medical
Outcomes Survey Short Form-36; those with scores 1.3 SD below the
population mean were classified with exhaustion.27 Low energy expen-
diture was measured using the physical activity questionnaire from the
National Health and Nutrition Examination Study. Men who expended
, 383 kilocalories per week and women who expended, 270 kilocalories
per week were classified with low activity.28 Slowness was assessed by
asking participants to walk at their usual pace for 15 feet. Women shorter
than 159 cm and men shorter than 173 cm were classified as slow if they
took $ 7 seconds to complete the distance.28 Women $ 159 cm tall and
men $ 173 cm tall were classified as slow if they took $ 6 seconds to
complete the distance.28 Hand grip dynamometry (kilograms) in sitting
with the forearm neutral and the elbow flexed 90 degrees was used to assess
weakness. Muscle weakness was classified based on body mass index
(BMI)-specific cut points.29

Information on treatment exposures was obtained from medical
records. Hormonal deficiencies were identified during the SJLIFE clinical
evaluation. For participants reporting medications for known endocrine
deficiencies, or those that could interfere with laboratory measurements
(eg, hormonal replacement therapies), classification of hormone deficiency
was determined using both medical history and medication data.22 In
individuals not receiving such medications or treatments, endocrine
laboratory results were interpreted in relation to normative ranges and/or
practice guidelines. A medical history of childhood or adult-onset GHD,
ongoing treatment with GH, or plasma levels of insulin-like growth factor
1 (IGF-1) z score,22 for age and sex at the time of the SJLIFE evaluation,
were considered suggestive of GHD.30 Estradiol, luteinizing hormone, and
follicle-stimulating hormone levels were measured in all women. Women
with a prior diagnosis of premature ovarian insufficiency, or who expe-
rienced amenorrhea before the age of 40 years, were classified with pre-
mature ovarian insufficiency. Men were screened using morning plasma
total testosterone, luteinizing hormone, and follicle-stimulating hormone
levels. Men with total testosterone levels , 200 ng/dL were considered
deficient.22

Data on lifestyle habits were collected using a structured ques-
tionnaire completed at the time of the SJLIFE evaluation. Alcohol intake
was based on number of alcoholic drinks consumed during a typical day.
Men who consumed between one and four drinks daily and women
who consumed between one and three drinks daily were classified as
moderate drinkers. Men and womenwho consumedmore than five or four
drinks daily, respectively, were considered risky drinkers. Smoking sta-
tus was classified as current, past, or never. Survivors who met the Centers

Survivors of ALL eligible for
SJLIFE (N = 1,420)

SJLIFE
participants (n = 901)

Study sample (n = 862)

Nonparticipants (n = 519)
 Active and passive refusals (n = 290)
 Lost to follow-up (n = 39)
 Campus visit pending (n = 113)
 Completed questionnaires
  only (n = 77)

No QCT/pregnant (n = 39)

Fig 1. Study diagram for participation in St Jude Lifetime Cohort Study (SJLIFE).
ALL, acute lymphoblastic leukemia; QCT, quantitative computed tomography.
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for Disease Control and Prevention guidelines for physical activity
(150 minutes of moderate-intensity physical activity or 75 minutes of
vigorous activity per week)31 were considered physically active.

Demographic and treatment information were compared between
participants and nonparticipants using x2 statistics. In cross-sectional
analysis, logistic regression was used to examine associations (odds
ratios [OR] and 95% CIs) between lifestyle (smoking, alcohol con-
sumption, and activity levels) and hormonal status (GHD, premature
ovarian insufficiency, and testosterone deficiency) with low BMD or
having at least two components of the frailty phenotype. Because the
frequency of survivors with frailty was low, all analyses of the phenotype
were limited to those with at least two components (ie, prefrail or frail).
Multivariable models were stratified by sex and adjusted for attained age
and BMI when appropriate. Because previous publications have suggested
that associations between specific treatments and low BMD and frailty may
be due to treatment-induced hormonal disturbances, we also assessed if the
presence of hormonal deficiencies served to mediate associations between
cranial radiation and the outcomes of interest using mediation analysis
within a potential outcomes framework.32 Appendix Fig A1 illustrates a
reduced-form structure of the hypothesized dependency assumptions for
the relation between cranial radiation and low BMD or prefrailty/frailty.
Specifically, we estimated the sex-specific controlled direct effect of cranial
radiation on low BMD or frailty, where both the exposure-intermediate
and exposure-outcome relations were modeled using logistic regression
with adjustment for age at follow-up, smoking status, and alcohol use.33,34

The controlled direct effect represents the effect of cranial radiation on low
BMD or frailty if hormonal deficiency were managed through inter-
vention, and if the eliminated proportion represented the percentage of
frailty cases that would be eliminated if GHD were resolved through
intervention. Given limited sample size, we were unable to compute stable
estimates for both mediation and moderation by hormonal deficiency; our
analysis assumed no moderation by hormonal deficiency. Analyses were
conducted with SAS software version 9.2 (SAS Institute, Inc., Cary, NC).

RESULTS

The median age at diagnosis among the 862 participants was 5.0
years (range, 0.2 to 19.5 years); the median age at follow-up was
31.3 years (range, 18.4 to 59.7 years). The median duration
between diagnosis and follow-upwas 25.1 years (range, 10.5 to 47.7
years). Of the 329 survivors with IGF-1 levels suggestive of GHD,
only four were receiving replacement therapy. Approximately 11%
of women had premature ovarian insufficiency, of whom 21.3%
were taking hormone replacement therapy. Among men, 24.2%
had low testosterone, of whom 34% were receiving treatment.
When compared with nonparticipants, a higher proportion of
participants were women (P,.01); of white, non-Hispanic descent
(P , .01); and had received cranial or craniospinal irradiation
(P , .05; Table 1).

The mean BMD z score was 20.64 (6 SD 1.08) for men,
and 20.04 (6 SD 1.18) for women. Among men, 36.6% had a
BMD z score between22.5 and21, and 2.8% had z scores#22.5.
Among women, 20.2% had BMD z scores between 22.5 and 21,
and 0.7% had z scores# 22.5. After adjusting for BMI, men with
GHD (OR, 1.59; 95% CI, 1.02 to 2.49) or who were current
smokers (OR, 1.71; 95%CI, 1.02 to 2.85) had increased odds of low
BMD compared with those without GHD or who were non-
smokers (Table 2). Women with GHD (OR, 2.18; 95% CI, 1.26 to
3.78) and who consumed moderate levels of alcohol (OR, 2.09,
95% CI, 1.14 to 3.83) had increased odds of low BMD compared
with women without GHD or who were never drinkers.

Criteria for frailty (at least three components) and prefrailty
(at least two components) were met by 3.6% and 18.6% of sur-
vivors, respectively. The most frequent frailty components
observed among men were low energy expenditure (38.6%), self-
reported exhaustion (16.6%), and low muscle mass (11.5%).
Similarly, the most frequent frailty components among women
were low energy expenditure (47.0%), self-reported exhaustion
(30.7%), and low muscle mass (14.2%). After adjusting for current
age, the odds of having at least two components of the frailty
phenotype were increased amongmenwith GHD (OR, 2.97; 95%CI,
1.56 to 5.66) and those who were current smokers (OR, 3.26; 95%
CI, 1.65 to 6.43). Among women, the likelihood of demonstrating
at least two frailty components was higher among risky drinkers
(OR, 1.96; 95% CI, 1.02 to 3.77) and lower among moderate
drinkers (OR, 0.49; 95% CI, 0.27 to 0.92) when compared with
never drinkers. Survivors with low BMD did not have increased
odds of having at least two components of the frailty phenotype
compared with survivors with normal BMD (P . .05).

Table 3 summarizes the results of our mediation analysis. The
proportion of cases of frailty that would be eliminated if GHDwere
resolved through intervention (ie, the magnitude of indirect effect
through GHD) was 39% for men and 29% for women. For low
BMD, the proportion eliminated was 20% for men and 47% for
women.

DISCUSSION

To our knowledge, this study is among the first to investigate the
contribution of lifestyle factors and hormonal deficiencies to
frailty, and is among the largest to date to examine associations
between modifiable risk factors and low BMD among long-term
survivors of ALL. Our findings demonstrate an approximate
prevalence of 30% of low BMD and 19% of at least two com-
ponents of the frailty phenotype among survivors of ALL assessed
at a median of 25 years from diagnosis. Male survivors who were
current smokers or who had GHD had an increased odds of having
low BMD or two or more components of the frailty phenotype.
Among women, GHD was associated with an increased likelihood
of low BMD, but not frailty. Consumption of alcohol at levels
considered risky was also associated with an increased likelihood of
having at least two components of the frailty phenotype among
women.

Our results indicate an association between GHD and low
BMD among both male and female survivors of ALL. Growth
hormone is known to be an important contributor to bone
growth and development in childhood and adolescence.35 We
also observed that the odds of having at least two components of
the frailty phenotype were more than three-fold higher among
men with a history of GHD compared with those without.
However, we did not observe an association between GHD and
frailty among women. In addition, the results of our mediation
analysis demonstrated that GHD was only a modest mediator of
the association between cranial radiation and low BMD or
frailty. These data suggest that remediation of GHD would
eliminate 39% and 29% of cases of prefrailty/frailty among men
and women, respectively, and 20% and 47% of cases of low BMD
among men and women, respectively. Thus, cranial radiation
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appears to have either a strong direct effect on these outcomes,
or the effect is mediated through other pathways. Nevertheless,
these data suggest that untreated GHD contributes to deficits in
bone density and physiologic reserve among survivors of ALL.

Whereas GH replacement therapy in adult-onset deficiency
improves body composition and BMD,36,37 it is unknown
whether such benefits would be realized among survivors of ALL
with a high frequency of additional comorbidities and uncertain
safety profile in this population.38 Future research evaluating
the impact of GH replacement on BMD, muscle strength and
mass, and fatigue among survivors is required.

We found that men who smoked had an increased odds of
having both low BMD and at least two components of the frailty
phenotype, a finding that is consistent with a Childhood Cancer
Survivor Study investigation reporting increased odds of frac-
ture among men who smoked.39 Moreover, our findings are
consistent with studies of men without cancer demonstrating
associations between smoking and reduced BMD,40,41

sarcopenia,42,43 and fatigue.44 We also observed a two-fold
increased likelihood of low BMD among women who con-
sumed moderate levels of alcohol. In contrast, the likelihood of
demonstrating at least two components of the frailty phenotype
was lower among female moderate drinkers when compared
with nondrinkers. Increasing alcohol intake is associated with
reduced bone density in older women17 and excessive alcohol
intake is a well-known cause of secondary osteoporosis.15

However, the relationship between alcohol and frailty is less
clear. Whereas in some studies alcohol consumption has been
associated with an increased risk of frailty, a study of more than
20,000 women reported that moderate alcohol consumption
was associated with decreased risk of frailty.45 Although it is
unlikely that alcohol in and of itself is beneficial for muscle,46

moderate alcohol consumption may be associated with addi-
tional factors or behaviors that promote maintenance of
physiologic reserve. Hence, our finding of a protective associ-
ation between moderate alcohol consumption and frailty among
women suggests that there are unidentified factors influencing
the frailty risk among survivors that warrant further inves-
tigation. Finally, it is unclear why sex-specific differences were
observed in the associations between lifestyle factors and our
phenotypes of interest. It is well recognized in the field of
survivorship that sex-specific differences in susceptibility to
acute47 and late effects48 following cancer therapy exist, and that
these differences are often speculated to be the result of hor-
monal variations. However, inherent differences in devel-
opmental and aging patterns of both bone and muscle between
the sexes may have contributed to the sex-specific associations
observed in this study.

We did not find an association between either premature
ovarian insufficiency or testosterone deficiency with either low
BMD or the presence of at least two components of the frailty
phenotype among adult survivors of ALL. This was unexpected
because declining levels of sex steroids are associated with
osteoporosis,49 sarcopenia, frailty, and functional decline50 in
older populations. The lack of association between sex hormone
deficiency and BMD and frailty in our cohort may be because,
unlike GHD, sex hormone deficiencies are more likely to be
screened for and treated if identified. One-third of men clas-
sified as testosterone deficient in this study were receiving
hormone replacement at their SJLIFE evaluation, whereas just
over 20% of women with premature ovarian insufficiency were
on replacement therapy at follow-up. Furthermore, it is likely

Table 1. Demographic and Treatment Characteristics of Study Participants

Characteristic
No. of

Participants (%)

No. of
Nonparticipants

(%) P*

Total 862 519
Sex
Female 436 (51.0) 222 (42.8)
Male 426 (49.0) 297 (57.2) .001

Age at diagnosis, years
0-4 422 (49.0)
5-9 241 (28.0)
10-14 140 (16.2)
15-19 59 (6.8)

Age at follow-up, years
18-29 373 (43.3) 182 (35.1)
30-39 332 (38.5) 200 (38.5)
$ 40 157 (18.3) 137 (26.4) .001

Race/ethnicity
White non-Hispanic 762 (88.4) 417 (80.4)
Black non-Hispanic 70 (8.1) 64 (12.3)
Other non-Hispanic 7 (0.8) 9 (1.7)
Hispanic/Latino 12 (1.4) 8 (1.5)
Other 11 (1.3) 21 (4.1) .001

Smoker
Past 82 (9.5)
Current 186 (21.6)
Never 594 (68.9)

Body mass index
Underweight 17 (2.0)
Normal 240 (27.8)
Overweight 238 (27.6)
Obese 367 (42.6)

Growth hormone
deficiency

Yes 329 (38.2)
No 463 (53.7)
Unknown 70 (8.1)

Premature ovarian
insufficiency

Yes 47 (10.8)
No 374 (85.8)
Unknown 15 (3.4)

Testosterone deficiency
Yes 103 (24.2)
No 323 (75.8)

Radiotherapy
None 337 (39.1) 248 (47.8)
CRT , 22 Gy 194 (22.5) 99 (19.1)
CRT $ 22 Gy 224 (26.0) 108 (20.8)
CRT + CS or TBI 107 (12.4) 64 (12.3) .011

High-dose methotrexate
Yes 523 (60.7) 317 (61.1)
No 339 (39.3) 202 (38.9) .88

Methotrexate dose 5,461 (12-51,367)†
Cyclophosphamide dose 9,278 (300-10,889)†
Glucocorticoid dose‡ 9,520 (82-27,360)†

Abbreviation: CRT, cranial radiation; CS, craniospinal; TBI, total body radiation.
*x2 test.
†Median and range for cumulative drug dose (mg/m2).
‡Protocol prescribed doses were used to approximate cumulative dose
exposure for glucocorticoids. The cumulative prednisone equivalent dose was
calculated using the following equation: prednisone equivalent dose (mg/m2) =
1.0 (cumulative prednisone dose [mg/m2]) + 0.8 (cumulativemethylprednisolone
dose [mg/m2]) + 6.67 (cumulative dexamethasone dose [mg/m2]).
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that some survivors not taking a hormone replacement at the
time of assessment may have done so previously. Although we
considered reanalyzing our data excluding those patients
receiving hormone replacements at their evaluation, the high
frequency of women taking oral contraceptives limited detailed
investigation. Nevertheless, results were not found to differ
appreciably for men once those survivors receiving androgen
replacement were removed from analyses.

A strength of the current study was the use of the SJLIFE
cohort, a large, well-characterized population of cancer survivors

with data on BMD, strength, mobility, body composition, hor-
monal status, and lifestyle.23 However, interpretation of our
findings is limited by the cross-sectional design of this analysis. In
particular, mediation analyses assume a temporal order among the
variables. Although BMD and frailty were measured many years
after cancer treatment, lifestyle behaviors and hormonal status
were measured at SJLIFE assessment, and therefore, the status of
the modifiable factors before the occurrence of each outcome is
unknown. Accordingly, caution is warranted when interpreting
findings, and further prospective longitudinal studies are required

Table 2. Multivariable Analyses of Lifestyle and Hormonal Factors Associated With Low BMD and Two or More Components of the Frailty Phenotype

Variable Low BMD, % OR* 95% CI $ 2 Frailty Components, % OR† 95% CI

Men
Smoking

Never 36.9 1.0 12.5 1.0
Current 48.8 1.71 1.02 to 2.85 26.8 3.26 1.65 to 6.43
Past 29.3 0.79 0.34 to 1.64 11.1 0.82 0.26 to 2.61

Alcohol consumption
Never 39.7 1.0 19.0 1.0
Moderate 41.3 0.98 0.60 to 1.60 16.4 0.83 0.42 to 1.66
Risky 33.3 0.65 0.37 to 1.13 8.6 0.39 0.15 to 1.01

Growth hormone status
Normal 35.5 1.0 9.8 1.0
Insufficient/deficient 43.5 1.59 1.02 to 2.13 25.2 2.97 1.56 to 5.67

Testosterone status
Normal 40.4 1.0 13.7 1.0
Insufficient/deficient 33.7 0.67 0.39 to 1.13 22.5 1.20 0.60 to 2.42

Women
Smoking

Never 19.6 1.0 27.3 1.0
Current 25.4 1.14 0.59 to 2.20 26.5 0.76 0.39 to 1.48
Past 14.7 0.66 0.23 to 1.89 39.4 1.56 0.70 to 3.46

Alcohol consumption
Never 15.4 1.0 30.3 1.0
Moderate 25.9 2.09 1.14 to 3.83 16.3 0.49 0.27 to 0.92
Risky 25.4 2.03 0.97 to 4.24 41.9 1.96 1.02 to 3.77

Growth hormone status
Normal 15.5 1.0 24.8 1.0
Insufficient/deficient 26.8 2.18 1.26 to 3.78 33.1 1.41 0.86 to 2.32

Premature ovarian insufficiency
No 19.1 1.0 27.2 1.0
Yes 28.9 1.61 0.76 to 3.39 36.6 1.12 0.53 to 2.42

Abbreviations: BMD, bone mineral density; OR, odds ratio.
*Multivariable analyses adjusted for body mass index.
†Multivariable analyses adjusted for age at follow-up.

Table 3. Estimates of the Controlled Direct, Natural Indirect, and Total Effects of the Association Between Cranial Radiation and Frailty Mediated Through Growth
Hormone Deficiency

Marginal Total Effect Controlled Direct Effect

Outcome OR* 95% CI OR* 95% CI Proportion Eliminated, %†

Frailty
Men 4.26 1.61 to 11.30 2.99 1.11 to 8.07 39.4
Women 1.66 0.94 to 2.94 1.51 0.83 to 2.76 28.6

Low BMD
Men 2.49 1.33 to 4.66 2.20 1.16 to 4.16 20.0
Women 2.49 1.13 to 5.51 1.82 0.81 to 4.08 46.7

Abbreviations: BMD, bone mineral density; OR, odds ratio.
*Odds ratios adjusted for age at follow-up, smoking status, and alcohol use.
†Proportion of frailty cases that would be eliminated if growth hormone deficiency were resolved through intervention.34
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to confirm the direction of associations. This study was also limited
by our reliance on plasma IGF-1 levels for identifying GHD in place
of dynamic endocrine testing and our assumption that all pre-
existing hormonal deficits were valid and persistent at the SJLIFE
assessment, which may have resulted in misclassification of
exposure for some participants.

In summary, survivors of ALL are at risk for phenotypes that
suggest accelerated aging. We found that GHD negatively impacted
BMD and increased the likelihood of prefrailty/frailty among men.
Accordingly, future studies among survivors of ALL that examine
the use of GH replacement therapy for improving bone density and
physiologic reserve are warranted. Furthermore, we found that
smoking was associated with increased odds of having both low
BMD and at least two components of the frailty phenotype among
men. These findings highlight the importance of survivor health
education programs that discourage smoking initiation and sup-
port cessation. Overall, survivors of ALL should receive counseling
regarding lifestyle habits and undergo screening for hormonal
deficits to minimize the risk of low BMD and frailty.
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Appendix

Hormonal
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Low bone
mineral density

or frailty
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Fig A1. Reduced-form directed acyclic graph illustrating dependency assump-
tions for the relations between cranial radiation and low bone mineral density or
frailty and hypothesized mediation by hormonal deficiency. Note: The direct effect
of cranial radiation on low bone mineral density or frailty was estimated after
adjusting for hormonal deficiency (the intermediate). Z1 and Z2 represent covariate
vectors on biasing pathways for the exposure-outcome relation and the inter-
mediate-outcome relation, respectively.
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