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Key Points

• Elimination of cranial radiation
from therapy for childhood
acute lymphoblastic leukemia
has improved body-
composition outcomes.

• Survivors of childhood
acute lymphoblastic leukemia
treated without cranial
radiation remain at risk for
impaired fitness.

There is limited information on body composition, energy balance, and fitness among

survivors of childhood acute lymphoblastic leukemia (ALL), especially those treated

without cranial radiation therapy (CRT). This analysis compares thesemetrics among365

ALL survivors with amean age of 28.66 5.9 years (149 treated with and 216 without CRT)

and 365 age-, sex-, and race-matched peers. We also report risk factors for outcomes

among survivors treated without CRT. Male survivors not exposed to CRT had abnormal

body composition when compared with peers (% body fat, 26.2 6 8.2 vs 22.7 6 7.1).

Survivors without CRT had similar energy balance but had significantly impaired quad-

riceps strength (221.9 6 6.0 Newton-meters [Nm]/kg, 60°/s) and endurance (211.46 4.6

Nm/kg, 300°/s), exercise capacity (22.0 6 2.1 ml/kg per minute), low-back and ham-

string flexibility (24.7 6 1.6 cm), and dorsiflexion range of motion (23.1 6 0.9°) and
higher modified total neuropathy scores (11.6 6 1.1) than peers. Cumulative aspar-

aginase dose ‡120 000 IU/m2 was associated with impaired flexibility, vincristine dose

‡39 mg/m2 with peripheral neuropathy, glucocorticoid (prednisone equivalent) dose

‡8000 mg/m2 with hand weakness, and intrathecal methotrexate dose ‡225 mg with dorsiflexion weakness. Physical inactivity was

associated with hand weakness and decreased exercise capacity. Smoking was associated with peripheral neuropathy. Elim-

ination of CRT from ALL therapy has improved, but not eliminated, body-composition outcomes. Survivors remain at risk for

impaired fitness. (Blood. 2015;125(22):3411-3419)

Introduction

Treatment evolution for childhood acute lymphoblastic leukemia
(ALL) over the past 5 decades has resulted in 5-year survival rates
exceeding 90%.1 With over 60 000 survivors of childhood ALL
living in the United States,2 research has been focused on long-term
medical and psychosocial outcomes and treatment-related risk fac-
tors. By the age of 50 years, it is estimated that over 40% of ALL
survivors will have at least 1 severe, disabling, or life-threatening
chronic condition.3 Risk for adverse energy balance, including
obesity,4 poor fitness,5 suboptimal dietary intake,6,7 and physical
inactivity,3 are increased in ALL survivors when compared with
peers. This is likely both the result of and a contributor to poor
health status. Childhood ALL survivors have the opportunity to in-
fluence their own long-term health by adopting a lifestyle that
optimizes energy balance. Much of the research relating to body
composition, energy balance, and fitness has focused on the impact
of cranial radiation therapy (CRT) on increased risk.8-10 There is a
paucity of this information among ALL survivors whose treatment
did not include CRT.

The aims of this study were to (1) describe body composition,
energy balance, and fitness among adult survivors of childhood ALL,
contrasting those treated with and without CRT; (2) compare these
metrics of ALL survivors to those of an age-, sex-, and race-matched
comparison population; and (3) evaluate associations between these
metrics and host-, cancer-, treatment-, and behavior-related variables
among survivors not exposed to CRT.

Methods

Participants

Participants are members of the St. Jude Lifetime Cohort (SJLIFE),11 a study
designed to characterize health outcomes among aging survivors of child-
hood cancer. Participants previously treated for childhood cancer at St. Jude
Children’s Research Hospital (SJCRH), at least 10 years from diagnosis
and $18 years of age, are invited to return to campus, where they undergo
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risk-based medical screening according to the Children’s Oncology Group
LongTermFollow-UpGuidelines12 and a core battery of laboratory tests. For
this ancillary study, eligible participants included those diagnosed with ALL
between 1980 and 2003 when #18 years of age, without congenital neuro-
musculoskeletal or cardiopulmonary impairments, who were not undergo-
ing current treatment of cancer. A comparison group, matched with survivors
on age, sex, and race, was recruited from the population of friends, relatives,
and family members of current patients at SJCRH (www.clinicaltrials.gov
#NCT01047020). A random sample of SJCRH patients receiving active
treatment or clinical follow-up (not including SJLIFE) and scheduled to be
seen on campus was selected. Parents of patients were contacted to determine
their interest, or interest of other adult family members or friends, in partic-
ipating in the study. If interest was expressed, then a roster of interested family
members/friends was obtained. Study staff then selected from the roster
1 individual who fulfilled matching criteria, who they screened for eligibility
and invited to participate. Inclusion criteria were identical for the 2 groups,
except the comparison group did not have a history of childhood cancer.
The protocol and study documents were approved by the institutional review

board. Participants provided written informed consent prior to completing
studymeasures. All participants received a per-day financial compensation to
help offset any inconveniencies resulting from their participation.

Body composition

Body compositionwas evaluatedwith standard anthropometric measures and
dual x-ray absorptiometry. Height in centimeters and weight in kilograms were
measured with a wall-mounted stadiometer (SECA, Hanover, MD) and an elec-
tronic scale (Scale-tronix,White Plains, NY), respectively.Waist circumference
in centimeters was measured with a Gulick tape measure and divided by height
to characterize waist-to-height ratio. Fat and lean mass were measured with dual
x-ray absorptiometry (QDR4500, softwareversion13.3:3;Hologic,Bedford,MA)
in the total-body scanning mode.13-17 The scanner was calibrated weekly with
known phantoms to minimize machine drift. Percent body fat and percent lean
mass were calculated by dividing fat mass and fat-free mass by total body mass
andmultiplying the result by 100. Relative leanmass was calculated by dividing
lean mass (kg) by height squared (m2).

Table 1. Characteristics of ALL survivor participants and nonparticipants

Participants (n 5 365) Nonparticipants (n 5 51) P

Age, median (range), y 28.5 (18.4,44.6) 27.3 (18.0-45.9) .09

Diagnosis age, median (range), y 5.1 (0.6-18.8) 4.6 (2.1-18.8) .65

Survival time, median (range), y 21.9 (11.0-30.7) 20.3 (11.3-27.8) .11

Sex

Male, n (%) 174 (47.7) 25 (49.0) .89

Female, n (%) 191 (52.3) 26 (51.0)

Race

Black, n (%) 44 (12.1) 5 (9.8) .89

White, n (%) 317 (86.8) 46 (90.2)

Other, n (%) 4 (1.1) 0 (0.0)

Cranial radiation, n (%) 149 (40.8) 18 (35.3) .13

Glucocorticoids

Prednisone, n (%) 365 (100.0) 51 (100.0)

Median (range), mg/m2 2240 (200-23 600) 9650 (1120-11 800) ,.001

Dexamethasone, n (%) 75 (20.5) 6 (11.7)

Median (range), mg/m2 1568 (72-12 880) 1568 (1400-1624) .83

IT hydrocortisone, n (%) 291 (79.7) 47 (92.2)

Median (range) 391 (18-105) 369 (104 762) .38

Antimetabolites

IV methotrexate, n (%) 320 (87.7) 46 (90.2)

Median (range), mg/m2 14 757 (449-40 571) 13 424 (4753-25 683) .89

IT methotrexate (N,%) 365 (100.0) 51 (100.0)

Median (range), mg 156 (12-458) 162 (80-336) .62

6-Mercaptopurine, n (%) 357 (97.8) 51 (100.0)

Median (range) mg/m2 47 250 (5994-130 900) 47 250 (6185-74 900) .48

IT cytarabine, n (%) 298 (81.6) 48 (94.1)

Median (range), mg/m2 576 (73-11 516) 565 (108-1142) .38

Vincristine, n (%) 365 (100.0) 51 (100.0)

Median (range), mg/m2 47 (3-105) 54 (5-118) .06

Anthracyclines

Daunorubicin, n (%) 242 (66.3) 40 (78.4)

Median (range) mg/m2 75 (24-451) 87 (48-158) .84

Doxorubicin, n (%) 40 (11.0) 3 (5.9)

Median (range), mg/m2 179 (25-324) 169 (151-187) 1.00

Epipodophyllotoxins

Etoposide, n (%) 223 (61.1) 36 (70.6)

Median (range), mg/m2 9462 (400-23 630) 9978 (883-16 215) .54

Teniposide, n (%) 220 (60.3) 28 (54.9)

Median (range), mg/m2 3241 (150-10 339) 3478 (597-7983) .84

Asparaginase

L-asparaginase, n (%) 361 (98.9) 51 (100.0)

Median (range), IU/m2 70 179 (4000-99 246) 92 051 (40 308-347 783) .01

Erwinia, n (%) 46 (12.9) 5 (9.8)

Median (range), IU/m2 54 980 (10 000-118 507) 113 398 (20 000-247 083) .42

IT, intrathecal.

3412 NESS et al BLOOD, 28 MAY 2015 x VOLUME 125, NUMBER 22

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/125/22/3411/1386125/3411.pdf by guest on 04 M

ay 2024

http://www.clinicaltrials.gov/


Energy expenditure

Resting energy expenditure (REE) was evaluated with indirect calorimetry
(Ultima CardiO2;MCGDiagnostics, St. Paul, MN). Participants rested in the
supine position wearing a face mask attached to a low-flow pneumotach for at
least 20 minutes prior to the 10-minute measurement of REE.18 REE was cal-
culated using the modified Weir equation.19

Total daily energy expenditure (TDEE) was evaluated over 1 week with the
doubly labeled water (DLW) technique.20,21 This technique evaluates the differ-
ence between elimination rates of oxygen and hydrogen from bodywater, repre-
senting a measure of carbon dioxide (CO2) flux, which is proportional to total
energy expenditure.After baseline collectionof urine samples, participants drank
2 g/kg of total body water of 10% H2

18O and 0.12 g/kg TBW of 2H2O, and
100mLof tapwaterwas used to rinse the dose container. Participants provided
urine samples 1.5 and 3 hours (that were discarded) and then 4.5 and 6 hours
after the dose and 2 samples in the morning 7 days later. Samples were frozen
and batched shipped to the University of Pittsburgh for analysis. Isotope
abundancesweremeasured forH2

18Owithautomatedperipheraldevices (Finnigan
GasBenchII andH/Ddevice; ThermoFisher ScientificGmbH,Bremen,Germany)
interfaced with isotope ratio mass spectrometry (Delta PlusXP, Thermo Fisher
Scientific).22 2H and 18O isotope elimination rates (kH and kO) were estimated
using linear regression to include in calculations for rate of CO2 production.

21,23

Energy expenditure was calculated by multiplying rCO2 by the energy equivalent
of CO2 for an assumed respiratory quotient of 0.86. Activity energy expendi-
ture was calculated by subtracting both REE and the thermal effect of food
(0.10 3 TDEE) from TDEE.

Dietary intake

Usual dietary intakewas estimatedwith 3 nonconsecutive 24-hour dietary recalls
(2 weekday and 1 weekend day over 1 month). The first recall was done in-
person; subsequent recalls were collected via telephone by interviewers trained
and certified by theUniversity ofMinnesotaNutritionCoordinatingCenter in the
use of theNutritionData System for Research (NDS-RV2008-2011). Types and
amounts of foods and beverages consumed during a 24-hour period (midnight to

midnight) for the day preceding the interview were recorded using the stan-
dardized multiple-pass approach.24

Fitness

Fitness was evaluated by assessing flexibility, sensory integrity, balance, mus-
cular strength, and exercise capacity. Flexibility was evaluated with the sit and
reach test (Flex-tester; Novel Products, Rockton, IL)25 and bymeasuring passive
ankle range of motion.26 Sensory integrity and balance were evaluated with the
modified total neuropathy score (mTNS)27 and computerized dynamic pos-
turography (sensory organization test, Smart Equitest; NeuroCom, Clackamas,
OR),28 respectively. Muscular strength assessments included isometric sitting
hand grip (kg)29 and isokinetic knee extension (Newton-meters [Nm]/kg at 60
and 300°/s) and ankle dorsiflexion (Nm/kg at 30°/s and 90°/s) measures (Biodex
System III, ShirleyNY).30 Resting heart and respiratory rates and blood pressure
were taken after 5 minutes of quiet rest using standard procedures. Submaximal
(85% of predicted heart rate) cardiopulmonary exercise testing, with continuous
12-lead electrocardiogrammonitoring and breath-by-breath gas analysis (Ultima
CardiO2, MCG Diagnostics), was used to evaluate peak oxygen uptake (peak
volume of oxygen [VO2]).

31

Moderate and vigorous physical activity

Average daily levels of moderate and vigorous physical activity (MVPA) were
evaluated with actigraphy. Participants wore a triaxial accelerometer (wGT3X-
BT; ActiGraph, Pensicola FL) over the right hip duringwaking hours for 7 days,
removing it for bathing. The device collects linear accelerations in 3 planes of
movement as counts per a preset epoch. Epochs were set at 60 s. ActiLife soft-
ware (version 6.11.5) was used to process the accelerometer data with thresholds
for MVPA set at 1952 and 5725 counts per epoch.32

Host and treatment data

Treatment data including radiation exposure and types and cumulative doses
of chemotherapeutic agents were obtained from medical records by trained ab-
stractors. Sociodemographic data and self-reported smoking statuswere obtained
by self-administered questionnaires.

Statistics

Descriptive statistics were used to characterize ALL survivors and the com-
parison group. Demographic and treatment data were compared between survi-
vor participants and nonparticipantswith 2-sample t tests andx2 statistics.Means
and standard deviations (SDs)were calculated for body composition, energy bal-
ance, andfitnessmeasures and contrasted between survivors and the comparison
group, overall and by CRT exposure. For these comparisons, significance levels
were set a priori at P, .002 to account for multiple testing. In models limited to
survivors not exposed to CRT, multivariable linear regression was used to eval-
uate associations between demographic and treatment variables and the body-
composition, energy-balance, and fitness outcomes. Demographic and treatment
variables were entered simultaneously into the model. Independent variables
with P values,.10 were retained. Those with P values ,.05 were considered
significant. All models were adjusted for age and sex. Analyses were completed
by K.K.N., L.L., and D.K.S. in SAS version 9.3 (Cary, NC). All authors had
access to the data.

Results

Participants

Among 416 potentially eligible ALL survivors, 365 (87.7%) agreed to
participate and completed an evaluation; 51 either actively or passively
declined participation. Among 451 potentially eligible comparison
group members, 365 (80.9%) agreed to participate and completed an
evaluation; 86 actively declined participation. Survivor participants did
not differ from survivor nonparticipants by age, age at diagnosis, time
from diagnosis, sex, race, or cranial radiation exposure. Except for a

Table 2. Characteristics of the study participants

Survivors
Comparison

group
(n 5 365) P†

Overall
(n 5 365)

No CRT
(n 5 216)

CRT
(n 5 149)*

Mean age (SD), y 28.6 (5.9) 26.9 (5.4) 31.2 (5.7) 28.9 (7.5) .48

Age

18-29 y 212 (58.0) 152 (70.4) 60 (40.3) 216 (59.2) .73

30-39 y 132 (36.2) 57 (26.4) 75 (50.3) 124 (33.9)

40-45 y 21 (5.8) 7 (3.2) 14 (9.4) 25 (6.8)

Sex

Male 191 (47.7) 107 (49.5) 84 (56.4) 191 (47.7) 1.00

Female 174 (52.3) 109 (50.5) 65 (43.6) 174 (52.3)

Race

Black 44 (12.1) 20 (9.3) 24 (16.1) 44 (12.1) 1.00

White 317 (86.8) 195 (90.3) 122 (81.9) 317 (86.8)

Other 4 (1.1) 1 (0.5) 3 (2.0) 4 (1.1)

Ethnicity

Hispanic 16 (4.4) 10 (4.6) 6 (4.0) 16 (4.4) 1.00

Non-Hispanic 349 (95.6) 206 (95.4) 143 (96.0) 349 (95.6)

Smoking

Never 236 (64.7) 128 (59.3) 108 (72.5) 229 (62.7) .67

Ever 38 (10.4) 26 (12.0) 12 (8.1) 37 (10.4)

Current 91 (24.9) 62 (28.7) 29 (19.5) 99 (28.3)

Risky drinking‡ 157 (43.0) 105 (48.6) 52 (34.8) 179 (49.0) .02

College degree 118 (35.2) 64 (29.6) 54 (36.2) 150 (43.4) .01

Unemployed 86 (23.6) 48 (22.2) 38 (25.5) 60 (16.4) .01

Data are presented as n (%) unless otherwise indicated.

*A total of 41 received $24 Gy; 108 received ,24 Gy CRT.

†Survivors overall vs comparison group.

‡More than 4 drinks in 1 day or .14 drinks in 1 week for males and .3 drinks in

1 day or .7 drinks in 1 week for women.
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Table 3. Mean body composition and energy balance among ALL survivors (by CRT exposure) and comparison group members

No CRT CRT Comparison group P*

Mean SD Mean SD Mean SD A vs C B vs C A vs B

Females†

Body composition

Height (cm) 163.9 6.3 158.0 7.5 164.2 5.4 .82 ,.001 ,.001

Weight (kg) 71.1 18.3 81.2 24.3 74.9 22.2 .28 .07 .01

BMI (kg/m2) 26.4 6.4 32.3 8.5 27.8 8.0 .24 ,.001 ,.001

Waist circumference (cm) 81.6 14.0 93.6 18.1 82.8 16.9 .87 ,.001 ,.001

Waist to height ratio 0.5 0.1 0.6 0.1 0.5 0.1 .81 ,.001 ,.001

Fat mass (kg) 25.2 11.3 34.6 14.7 27.6 14.5 .26 ,.001 ,.001

Percent body fat 34.0 7.5 41.3 6.2 34.9 8.5 .53 ,.001 ,.001

Fat-free mass (kg) 45.9 8.1 46.6 10.8 47.3 8.7 .39 .47 .99

Percent fat-free mass 66.0 7.5 58.7 6.2 65.1 8.5 .53 ,.001 ,.001

Relative lean mass (g/m2) 17.2 2.9 18.4 3.0 17.5 3.7 .36 .03 .006

Energy expenditure (kcal)

Resting (adjusted for lean mass) 1339 271 1297 266 1330 263 .69 .26 .22

Total daily (adjusted for weight)‡ 2840 438 2432 419 2598 475 ,.001 .009 ,.001

Activity energy expenditure (adjusted

for weight)‡

1232 469 949 443 1032 488 ,.001 .21 ,.001

Daily average minutes of MVPA 14 136 11 10 17 14 .1 .005 .27

Energy intake

Kcal total 1822 595 1737 570 1815 594 .92 .46 .35

Kcal fat 621 261 620 255 619 264 .97 .98 .99

Kcal protein 279 94 282 94 275 92 .68 .61 .88

Kcal carbohydrate 911 324 823 321 893 330 .65 .14 .08

Sodium (mg) 3018 1106 3101 1091 3049 1121 .82 .74 .63

Fiber (g) 13 10 12 6 14 6 .47 .02 .09

Estimated % dietary intake underreporting

(TDEE 2 total/TDEE)

30.4 29.5 29.5 27.7 28.2 31.4 .55 .76 .83

Males§

Body composition

Height (cm) 176.1 8.3 172.9 7.9 178.9 7.0 .004 ,.001 .003

Weight (kg) 87.7 24.7 87.8 18.6 87.3 19.1 .24 .39 .09

BMI (kg/m2) 28.8 7.2 28.4 5.1 27.2 5.6 .02 .12 .62

Waist circumference (cm) 91.1 16.9 95.3 12.3 89.0 13.5 .007 .04 .74

Waist to height ratio 0.5 0.1 0.6 0.1 0.5 0.1 ,.001 ,.001 .52

Fat mass (kg) 25.1 14.2 23.6 9.6 20.9 11.0 .002 .07 .41

Percent body fat 26.2 8.2 27.2 6.0 22.7 7.1 ,.001 ,.001 .34

Fat-free mass (kg) 64.9 12.5 61.1 11.1 66.4 9.9 .28 ,.001 .02

Percent fat free mass 74.5 8.2 71.9 6.0 77.3 7.1 ,.001 ,.001 .34

Relative lean mass (g/m2) 20.8 2.8 20.4 2.8 20.7 2.8 .75 .43 .35

Energy expenditure (kcal)

Resting (adjusted for lean mass) 1636 393 1600 403 1666 401 .53 .21 .54

Total daily (adjusted for weight)|| 3506 631 3290 576 3423 691 .29 .11 .02

Activity energy expenditure (adjusted

for weight)||

1533 693 1406 651 1452 760 .35 .61 .2

Daily average minutes of MVPA 21 14 18 14.7 25.2 19.7 .07 .004 .3

Energy intake

Kcal total 2409 776 2400 788 2425 788 .87 .8 .93

Kcal fat 841 300 829 312 838 401 .93 .82 .78

Kcal protein 388 134 372 135 400 138 .48 .13 .42

Kcal carbohydrate 1129 419 1180 422 1120 428 .86 .28 .4

Sodium (mg) 4193 1386 3863 1402 4114 1451 .64 .18 .11

Fiber (g) 14 7 16 8 18 8 .004 .29 .14

Estimated % dietary intake underreporting

(TDEE 2 total/TDEE)

27.7 28.7 24.6 27.4 27.5 31.5 .97 .44 .45

A, no-CRT group; B, CRT group; C, comparison group; kcal, kilocalories.

*Comparisons are adjusted for age.

†No CRT , n 5 109; CRT, n 5 65; comparison group, n 5 174.

‡Among females, 155 survivors and 131 comparison-group members completed the DLW measure. Energy expenditure was estimated with analysis of variance using

fat-free mass or body weight as covariates.

§No CRT , n 5 107; CRT, n 5 84; comparison group, n 5 191.

||Among males, 162 survivors and 128 comparison-group members completed the DLW measure. Energy expenditure was estimated with analysis of variance using

fat-free mass or body weight as covariates.

3414 NESS et al BLOOD, 28 MAY 2015 x VOLUME 125, NUMBER 22

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/125/22/3411/1386125/3411.pdf by guest on 04 M

ay 2024



higher median dose of prednisone among survivor nonparticipants,
survivor participants and nonparticipants received similar chemother-
apeutic treatment exposures (Table 1). Demographic characteristics of
survivors and comparison group members are shown in Table 2. By
study design, survivors and comparison-group members had similar
mean ages (28.6 6 5.9 years vs 28.9 6 7.5 years) and identical
distributions by sex (47.7% male) and race (12.1% black). Survivors
and comparison-group members did not differ by smoking status.
However, survivorswere less likely than comparisongroupmembers to
report risky drinking or to have graduated from college andmore likely
to be unemployed.Due to availability ofDLWisotopes, the numbers of
survivors andcomparison-groupmemberswhocompleted thismeasure
were 317 and 259, respectively. Demographic characteristics did not
differ among thosewho completed and those who did not complete the
DLW measure.

Body composition

Means and SDs for body composition, energy balance, and dietary
intake among survivors (by CRT exposure) and in comparison group
members are shown inTable 3.On average,ALL survivors treatedwith
CRT were shorter but had similar weight and, thus, had higher body
mass index (BMI) values than comparison group members. Waist cir-
cumference, waist to height ratio, and total and percent fat mass were
alsohigher amongmale survivors andamongCRT-exposed female sur-
vivors than in comparison-group members. Lean mass and lean mass
relative to height were lower among male survivors and CRT-exposed
female survivors than incomparison-groupmembers.Female survivors
not exposed to CRT did not differ from the comparison group formean
values of body-composition variables. Survivors exposed to CRT had
higher BMI and percent body fat values than survivors not exposed to
CRT.

Energy expenditure

After adjusting for leanmass, averageREEwas lower among survivors
exposed to CRT than among comparison-group members (Table 3).

Weight-adjusted TDEE differed between all groups and was lowest
among survivors exposed to CRT. Activity energy expenditure, ad-
justed for body weight, was also lowest among survivors exposed to
CRT. Daily minutes of MVPA were lower among ALL survivors
treated with or without CRT than among comparison group members.

Dietary intake

Mean total and nutrient-specific daily dietary intake from 3 24-hour
recalls did not differ between groups. Daily dietary intake was

Table 4. Means and SDs for fitness measures for ALL survivors by CRT exposures and comparison group members

No CRT
(n 5 216) CRT (n 5 149)

Comparison
group

(n 5 365) A vs C B vs C A vs B

Mean SD Mean SD Mean SD ES P ES P ES P

Flexibility

Sit and reach test (cm) 22.4 10.8 20.9 10.4 27.1 9.2 1.5 ,.001 2.0 ,.001 0.5 .98

Passive ankle dorsiflexion range of motion

(degrees)

12.1 7.0 11.2 6.6 15.2 6.1 1.2 ,.001 1.6 ,.001 0.4 .3

Modified total neuropathy score (0-24) 2.6 2.5 3.5 2.3 1.0 1.4 1.1 ,.001 1.9 ,.001 0.6 ,.001

Sensory organization test (%) 79.8 8.1 77.4 10.2 80.0 7.6 0.1 .67 0.9 .002 0.8 .02

Muscle strength

Hand grip (kg) 38.2 12.3 38.4 13.9 40.0 12.3 0.5 .22 0.4 ,.001 0.1 .02

Quadriceps 60°/s (Nm/kg) 182.5 57.1 158.3 54.7 204.4 63.1 2.8 ,.001 6.0 ,.001 3.2 ,.001

Dorsiflexion 60°/s (Nm/kg) 24.8 10.6 25.5 9.4 25.8 9.3 0.3 .19 0.1 .81 0.2 .42

Muscular endurance

Quadriceps 300°/s (Nm/kg) 81.7 30.5 69.4 24.2 93.1 35.1 2.0 ,.001 4.4 ,.001 2.3 .002

Dorsiflexion 300°/s (Nm/kg) 22.2 8.1 22.0 7.7 22.6 7.8 0.1 .33 0.2 .48 0.1 .90

Cardiopulmonary fitness

Resting heart rate 72.5 10.9 74.5 10.6 70.8 11.4 0.5 .10 1.1 ,.001 0.6 .05

Resting respiratory rate 17.9 1.7 18.8 1.8 17.5 1.8 0.3 ,.001 1.1 0.001 0.6 ,.001

Systolic blood pressure 120.0 12.6 120.6 12.1 121.7 11.3 0.5 .21 0.3 .12 0.2 .69

Diastolic blood pressure 72.7 8.4 75.3 8.5 72.9 8.3 0.1 .73 0.8 .02 0.9 .06

Peak VO2 (mL/kg per min) 25.5 6.2 22.1 5.5 27.5 8.3 0.7 ,.001 2.1 ,.001 1.4 ,.001

A, no-CRT group; B, CRT group; C, comparison group; ES, effect size.

Table 5. Percentages of ALL survivors whose performance on
fitness measures is 1.5 SD lower (or higher) than age- and
sex-specific comparison-group values

No CRT (n 5 216) CRT (n 5 149)

% 95% CI % 95% CI

Flexibility

Sit and reach test 23.2 (17.7, 29.4) 20.8 (14.6, 28.2)

Passive ankle dorsiflexion

range of motion

21.8 (16.4, 27.9) 24.2 (17.5, 31.8)

Modified total neuropathy score 36.6 (30.1, 43.4) 40.3 (32.3, 48.6)

Sensory organization test* 14.8 (10.4, 20.3) 17.5 (11.7, 24.5)

Muscle strength

Hand grip 7.4 (4.3, 11.8) 20.1 (14.0, 27.5)

Quadriceps 60°/s 13.0 (8.8, 18.2) 30.2 (23.0, 38.3)

Dorsiflexion 60°/s 10.7 (6.9, 15.5) 15.4 (10.0, 22.3)

Muscular endurance

Quadriceps 300°/s 13.4 (9.2, 18.7) 27.5 (20.5, 35.4)

Dorsiflexion 90°/s 9.3 (5.7, 13.9) 12.8 (7.9, 19.2)

Cardiopulmonary fitness

Resting heart rate* 9.7 (6.1, 14.4) 8.1 (4.2, 13.6)

Resting respiratory rate* 13.0 (8.8, 18.2) 18.5 (12.9, 26.0)

Systolic blood pressure* 6.0 (3.2,10.1) 6.7 (3.3, 12.0)

Diastolic blood pressure* 6.0 (3.2, 10.1) 7.4 (3.7, 12.8)

Peak VO2 8.8 (5.4, 13.4) 12.1 (7.3, 18.4)

The expected percentage in the population is 6.7%.

CI, confidence interval.

*Value is 1.5 SD higher than age- and sex-specific comparison-group values.
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uniformly underreported by ;30% across groups compared with
TDEE.

Fitness

Fitness measures for ALL survivors and the percentage of survivors
who scored #21.5 SD based on comparison-group–based age- and
sex-specific z scores are presented in Tables 4 and 5 and Figure 1. Sex-
specific comparisons are shown in supplemental Tables 1 and 2
(available on the BloodWeb site). On average, flexibility, peripheral
sensory integrity, proximal muscle strength, and cardiopulmonary-
fitness values were lower in ALL survivors than in comparison-group
members. ALL survivors with CRT exposure had the lowest mean
values for each of these outcomes. However, survivors not exposed to
CRT also had significant fitness deficits with most effect sizes$0.5.

Associations between treatment and fitness

Results of multivariable linear regression analyses evaluating associ-
ations between host and treatment factors and fitness measures among
survivors not exposed toCRT are shown in Table 6. After adjusting for
ageand sex, thosewith cumulativedosesof asparaginase$120 000 IU/m2

had lower average performance on the sit and reach test of 4.8 (1.5) cm
and less ankle dorsiflexion range of motion of 2.4 (1.1) degrees com-
paredwith those exposed to cumulative doses of,120 000 IU/m2. Cu-
mulative dosesof vincristine$39mg/m2were associatedwith a1.1 (0.4)
point higher score on the mTNS, cumulative doses of intrathecal
methotrexate$225 mg were associated with a 4.1 (1.9) lower percent
on the sensory organization test, and with 5.2 (2.4) Nm/kg lower
dorsiflexion strength at 60°/s and 3.9 (1.9) Nm/kg lower dorsiflexion
strength at 90°/s. Cumulative doses of glucocorticoids in prednisone
equivalents$8000mg/m2were associatedwith 2.2 (1.0) kg lower grip
strength when compared with those who had cumulative doses of
,8000mg/m2. Smokingwas associated with an increased score on the
mTNS. Participating in$30 minutes per day of moderate or vigorous
physical activity was associated with higher grip strength and peak
VO2. There were no significant treatment-related risk factors identified
for quadriceps weakness.

Discussion

In this large cohort of ALL survivors treated on contemporary thera-
peutic protocols, female survivors not exposed to CRT appear to have
body-composition values similar to their peers. However, as with
patients exposed to CRT, they remain at risk for fitness abnormalities,
including problems with proximal strength, exercise capacity, flex-
ibility, and peripheral sensorimotor integrity. We found associations
between asparaginase exposure and muscle flexibility and between
cumulative glucocorticoid exposure and hand strength, findings that
have not been previously documented among long-term survivors of
childhood ALL. Our results confirm previously documented associa-
tions between vincristine and peripheral sensorimotor impairments
and intrathecal methotrexate exposure and balance problems, and we
provide results of the most extensive clinical assessment of long-term
ALL survivors evaluated decades following treatment. Our study also
observed previously unreported associations with smoking and
impaired peripheral sensorimotor integrity and that daily MVPA of
$30 minutes was associated with increased grip strength and with
exercise capacity.

Our finding that female survivors without CRT exposure are not at
increased risk for abnormal body composition is consistent with re-
ports from the Childhood Cancer Survivor Study (CCSS), where self-
reported height and weight, represented as BMI, did not differ among
adult survivors of childhoodALL treatedwithoutCRT (N5333; age at
follow-up, 32.3 6 4.8 years) compared with siblings (N 5 2167) at
either their baseline or a follow-up questionnaire 7.8 years later. BMI
values in the CCSS cohort (survivors 25.3 [SD, 5.1], siblings 26.0 [SD,
5.3] kg/m2)were somewhat lower than in our study (survivors 27.366.9,
comparison group 27.5 6 6.9 kg/m2), potentially because CCSS par-
ticipants self-reported height and weight.4 This should be good news
for female ALL survivors not exposed to CRT. However, both our
study and data from CCSS indicate that half of ALL survivors not
exposed to CRT are overweight or obese, increasing their risk for
other chronic health conditions, such as diabetes,33 heart disease,34

and some types of cancer.35 This problem is evident early in survi-
vorship. Steinberger et al reported 10.4% higher fat mass among

Figure 1. Percentages (and 95% confidence inter-

vals) of ALL survivors whose performance on fitness

measures is 1.5 SD lower (or higher*) than age and

sex-specific comparison-group values.# Low-back and

hamstring flexibility was measured with the sit and reach

test. Peripheral sensation was measured with the mTNS.

Strength in the knee extensors and dorsiflexors was

evaluated with isokinetic dynamometry at 60°/s. Muscular

endurance was evaluated with isokinetic dynamome-

try at 300°/s in the quadriceps and 90°/s in the dorsiflexors.

DBP, diastolic blood pressure; SBP, systolic blood

pressure. #The expected percentage in the population

is 6.7%.
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adolescent leukemia survivors when compared with a healthy com-
parison group.36 Clinicians who care for these survivors should
provide counseling and, where appropriate, referral for interven-
tion to help achieve a healthy weight.37

Our study clearly documents that fitness deficits remain a problem
for long-term survivors of childhood ALL, even when they are not
exposed to CRT. In our cohort, proximal muscle strength and exercise
capacity were impaired in ALL survivors, even among survivors who
were not exposed to CRT. Jarvela et al5 reported deficits in muscle
performance and a 14% deficit in peak VO2 when comparing 21 ALL
survivors 16 to 30 years of age to age- and sex-matched controls, and
Hartman et al37 reported that mean performance on the 6-minute walk
test was 2 SD below predicted, 5 years after therapy among 34ALL sur-
vivors aged 9 to 18 years. In contrast, Taskinen et al38 reported no dif-
ferences in performance on 6 timed measures of physical fitness when
comparing 45ALL survivors aged 9 to 20 years to established refer-
ence values.38 In our multivariable analysis among those not ex-
posed to CRT, we found no specific chemotherapy agents or doses
associated with proximal muscle weakness or exercise capacity.
This suggests that exposure to cellular toxic therapies may confer
nonspecific general damage to underlying cellular structures that per-
sists years after exposure.

Limitations in ankle dorsiflexion range of motion have been re-
ported by others,39-41 particularly in children during or soon after
curative therapy. However, limitations in flexibility in the low back/
hamstrings have not been described previously. This finding is in con-
trast to a study in a small group (N5 45) of younger (median age, 13.3;
range, 9.2-20.1 years) ALL survivors treated without CRT, in which
deficits in flexibility were not detected.38 In our cohort, impaired
dorsiflexion and low-back/hamstring flexibility were associated with
higher cumulative dose of asparaginase.Hovi et al previously described
a similar association, but between L-asparaginase exposure and mus-
cular endurance (performance on sit-up andpush-up tests), in a groupof
43 female ALL survivors 14 to 30 (mean, 19) years of age.42 The
mechanisms by which exposure to asparaginase results in long-term
muscular damage are not clear. However, asparaginase can increase
systemic exposure to glucocorticoid, and both drugs are often given
concomitantly.43,44 Moreover, asparaginase metabolizes both aspara-
gine and glutamine, limiting extracellular supply of these amino acids
and interfering with DNA, RNA, and protein synthesis. Acute effects
on normal tissue include hepatotoxicity, hyperglycemia, and hemor-
rhage or thrombosis.45 Muscle cells may also be vulnerable. Muscular
stiffness suggests potential depletion of muscle satellite cell pools, nec-
essary formuscular repair andpreventionof injury-relatedmusclefibro-
sis throughout life.46 Preclinicalwork that specificallyexaminesmuscle
and associated satellite-cell response to asparaginase may provide in-
sight into a potential mechanism of injury.

Our analysis confirmed previously reported associations between
the cumulative dose of vincristine and peripheral sensorimotor impair-
ment, and between the cumulative dose of intrathecal methotrexate
and poor balance, among ALL survivors.47 Vincristine causes death of
rapidly dividing leukemic cells by inhibiting assembly of microtubulin
structures, thereby arresting mitosis in metaphase. Microtubule cyto-
skeletons of axons are also affected, with accumulation of neuro-
filaments in spinal ganglion cells suggesting problems with axonal
transport.48Methotrexate acts on leukemic cells and also likely impacts
neurons by competitively inhibiting dihydrofolate reductase, depleting
folic acid, and interfering with synthesis of DNA, RNA, thymidylates,
and proteins.49-52

We also found that higher cumulative doses of glucocorticoids,
which exert catabolic effects on muscle by inhibiting protein synthesis
and by activating proteolysis, were associated with lower hand gripT
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strength, but notwith quadriceps strength. This discrepancymaybe due
to differential anatomical distribution of muscle fiber type. Glucocor-
ticoid induced atrophy is characterized by decreased fiber cross-
sectional area and reduced myofibrillar protein content in fast-twitch
glycolytic muscles.53 Upper extremity muscles have a greater pro-
portion of fast-twitch muscle fibers than the quadriceps.54 Because
sensorimotor function and balance are necessary for negotiating daily
environments55,56 and adequate hand strength is required for per-
formance of fine motor tasks,57 these findings are important. All 3
of these agents are included in the backbone of current treatment
protocols for children with ALL.58

Our data also suggested that lifestyle may play a role in fitness
impairmentsobservedamongadultsurvivorsofchildhoodALL.Smok-
ing was associated with reduced peripheral sensorimotor integrity and
is a risk factor for peripheral vascular disease in other populations59;
symptoms of peripheral vascular disease include both numbness and
weakness. Because adult survivors of childhood ALL are potentially at
increased risk for peripheral vascular disease,60 they should be coun-
selednot to smoke.DailyMVPAwas associatedwith exercise capacity,
which is not unexpected.61 Because these outcomes were measured in
a cross-sectional fashion, it is difficult to ascertain whether impaired
exercise capacity limits ability toparticipate inMVPAor if low levels of
MVPA limit exercise capacity. Nevertheless, adult survivors of child-
hoodALLmaybenefit from interventions designed to improve exercise
capacity and promote regular physical activity.

Limitations

The results of our study should be considered in the context of several
limitations. First, even though participation rateswere excellent and our
sample was representative of ALL survivors treated at our institution
from 1980 to 2003, not all of our potentially eligible population agreed
to participate. If survivors who were healthier chose not to participate,
our estimates may be biased away from the null. Conversely, if sur-
vivorswhowere lesshealthy chose not to participate, our estimatesmay
be biased toward the null. Second, our comparison population was
composed of friends and family members of patients treated at our
institution. They were, on average, overweight and less fit than ex-
pected based on published population norms.62 Thus, it is possible that
results underestimate the magnitude of energy balance and fitness
deficits experienced by ALL survivors. Third, several of our lifestyle
measures (eg, smoking and diet) were based on self-report andmay not
be completely accurate. Although we used 24-hour dietary recalls to
minimize recall bias, our dietary measure substantially underestimated
daily intake for both survivors and the comparison group. Finally, our

single-institution sample may not be completely representative of ALL
survivors treated from 1980 to 2003.

Conclusions

Elimination of CRT for treatment of childhoodALL has improved, but
not completely eliminated, deficits in body composition for this popu-
lation. In addition, regardless of previous exposure to CRT, significant
proportions of adult survivors ofALLare at risk for impairedflexibility,
peripheral sensorimotor deficits, proximal muscle weakness, and poor
exercise tolerance, which in the general population are deficits asso-
ciated with increased risk of morbidity and mortality.63,64 Research is
needed to determine if rehabilitation services during and immediately
following therapy can prevent long-term impairments. Clinicians who
treat these survivors shouldmonitor them for these outcomes andmake
appropriate referrals for lifestyle interventions when appropriate.
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