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ABSTRACT

BACKGROUND The burden and functional significance of autonomic dysfunction among survivors of childhood cancer
is unknown.

OBJECTIVES We evaluated the prevalence, risk factors, and functional relevance of autonomic dysfunction in survivors.

METHODS We conducted a cross-sectional prospective evaluation of 1,041 adult survivors of childhood cancer treated
with anthracyclines (31.1%), chest-directed radiation (13.5%), both (19.5%), or neither (35.9%), and 286 community
control subjects enrolled in the SJLIFE (St Jude Lifetime Cohort Study). Four measures of autonomic dysfunction were
evaluated: elevated resting heart rate, decreased heart rate reserve, decreased systolic blood pressure response to ex-
ercise, and delayed heart rate recovery. Logistic regression tested associations with impaired cardiorespiratory fitness
(peak Vo, < 80% predicted).

RESULTS Survivors (50.7% female) were 9.0 + 5.8 years at cancer diagnosis and 35.5 + 8.9 years at evaluation.
Prevalence (survivors vs control subjects) of elevated resting heart rate (17.9% vs 7.0%), decreased heart rate reserve
(21.7% vs 9.1%), decreased systolic blood pressure response to exercise (25.3% vs 12.6%), and delayed heart rate re-
covery (24.3% vs 10.6%) was more than 2-fold higher among survivors (P < 0.001 for all). Carboplatin (adjusted OR:
2.50; 95% Cl: 1.42-4.40; P = 0.001), chest-directed radiation therapy (adjusted OR: 2.06; 95% Cl: 1.52-2.75; P < 0.001),
and cranial radiation (adjusted OR: 1.49; 95% Cl: 1.08-2.05; P = 0.015) were associated with an increased likelihood of
having =2 measures of autonomic dysfunction. Survivors with =2 measures of autonomic dysfunction were at increased
risk for impaired cardiorespiratory fitness (adjusted OR: 2.71; 95% Cl: 1.82-4.02; P < 0.001).

CONCLUSIONS Survivors of childhood cancer manifest a higher prevalence of autonomic dysfunction associated with
impaired cardiorespiratory fitness. (JACC CardioOncol. 2024;6:775-787) © 2024 The Authors. Published by Elsevier
on behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBREVIATIONS
AND ACRONYMS

BMI = body mass index
CNS = central nervous system

FEV, = forced expiratory
volume in 1 second

GLS = global longitudinal
strain

LV = left ventricular
SBP = systolic blood pressure

Vo, = oxygen consumption

ith contemporary therapy, more

than 85% of children and ado-

lescents diagnosed with a malig-
nancy will become 5-year survivors."?
However, the greater than half-million survi-
vors of childhood cancers estimated to be
living in the United States today are at high
risk for early onset of chronic health condi-
tions and premature mortality.>* The risk
of cardiovascular mortality among survivors
is up to 7 times higher than that of the gen-
eral population.® In addition, exercise limita-

tion, which is associated with increased risk for

mortality, is observed in over one-half of this popula-
tion.° Beyond the well-established associations with
anthracycline chemotherapy and chest-directed
radiotherapy,”® the mechanisms underlying exercise
limitation and adverse cardiovascular outcomes in

childhood cancer survivors are incompletely

understood.

The autonomic nervous system is increasingly

recognized as a key regulator of cardiopulmonary
health and its role in the development and progres-
sion of cardiopulmonary disease is an important

under-recognized research focus.” In survivors of
adult cancers, autonomic dysfunction is associated
with exercise intolerance and an increase in cardio-
vascular mortality, and may be due to the interplay of
cancer, cardiotoxic chemotherapy, radiation therapy,
cancer-associated lifestyle disturbances, and cancer-
independent comorbidities.'® These exposures are
also highly relevant to childhood cancer survivors.
We recently described the potential contribution of

autonomic dysfunction to both exercise limitation

11,12

and mortality'” in a small population of survivors of

childhood acute lymphoblastic leukemia and Hodgkin

lymphoma limited to only 2 measures of autonomic
function. However, our current understanding of the
burden of autonomic dysfunction among survivors of
more diverse diagnoses, and its functional signifi-

cance, is unknown. Improved characterization of

autonomic dysfunction in survivors may identify the
autonomic nervous system as a therapeutic target for
prevention of future cardiac disease.

The objectives of this study were to comprehen-

sively assess the total burden of and risk factors for
autonomic dysfunction in a large population of clin-
ically phenotyped childhood cancer survivors, using
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community control subjects for comparison, and to
explore associations with echocardiographic and
cardiopulmonary exercise test measurements. Four
measures of autonomic function evaluated by exer-
cise testing were considered in this study: resting
heart rate, heart rate reserve, systolic blood pressure
(SBP) response to exercise, and heart rate recovery.
Abnormalities in these measures of autonomic func-
tion either alone or in combination have prognostic
relevance, given their reported associations with a
range of adverse outcomes, which include cardio-
vascular events,'>"'* cardiovascular mortality,'>'® and
all-cause mortality'>'® in predominantly cancer-free
cohorts.

METHODOLOGY

STUDY POPULATION. All participants were members
of the SJLIFE (St. Jude Lifetime Cohort Study)
treated for childhood cancer at St. Jude Children’s
Research Hospital between 1962 and 2007; all par-
ticipants consented to the study, and the institu-
tional review boards at the St Jude Children’s
Research Hospital approved the study. Eligibility
criteria included: 1) childhood malignancy; 2)
survival =10 years from diagnosis; 3) assessment
age =18 years; and 4) participation in echocardio-
graphic and cardiopulmonary exercise testing. A
detailed description of the overall study design has
been published.'” Eligible survivors were stratified
before recruitment by exposure (chest-directed ra-
diation and anthracyclines; only chest-directed ra-
diation; only anthracyclines; neither chest-directed
radiation nor anthracyclines), and recruited in
random order for participation. A community control
cohort consisting of individuals without a history of
cancer, frequency-matched for race/ethnicity, age,
and sex were recruited from the same general
geographic area as the SJLIFE survivor population.

DEMOGRAPHIC AND CLINICAL VARIABLES. All par-
ticipants underwent detailed clinical evaluation. The
following demographic and clinical variables were
collected: cancer diagnosis, age at diagnosis and at
assessment, race/ethnicity, sex, body mass index
(BMI), body surface area, health habits, and educa-
tional attainment. Total anthracycline dose (mg/m?)
was the sum of doxorubicin, daunorubicin, epi-
rubicin, idarubicin, and mitoxantrone in doxorubicin-
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equivalent doses.'® Radiotherapy records were cen-
trally reviewed. Exposure to the chest was catego-
rized as yes if at least part of the chest was in the
treatment field; maximum total dose was determined
by summing total delivered dose from all overlapping
treatment fields."

CARDIOPULMONARY EXERCISE TESTING. Maximal
cardiopulmonary exercise testing used a Modified
Bruce Treadmill Protocol.”° Oxygen consumption
(Vo,) was acquired breath by breath using a ventila-
tory expired gas analysis system (Ultima CardiO2,
MGC Diagnostics) as per standard practice. The
Wasserman formula was used to calculate predicted
peak Vo,; impaired cardiorespiratory fitness was
defined as peak Vo, <80% predicted.”’ Heart rate and
SBP were measured before, throughout, and at peak
exercise, and during recovery using a 12-lead elec-
and automatic
eter, respectively.

trocardiogram sphygmomanom-

OTHER CLINICAL MEASUREMENTS. Echocardio-
grams were obtained using a Vivid 7 machine (GE
Medical Systems). Echocardiographic indices were
measured following the American Society of Echo-
cardiography standards.”>** Left ventricular (LV)
ejection fraction was measured using the Simpson’s
Biplane method. Pulsed-wave peak E and A velocities
of mitral inflow were used to calculate the E/A ratio,
and pulsed-wave tissue Doppler velocities were ob-
tained from both medial (septal e’) and lateral (lateral
e’) mitral annuli.>” The average of septal e’ and lateral
e’ were used to calculate E/e’ ratio. A septal e/, lateral
e/, and average E/e’ ratio of <7 cm/s, <10 cm/s, and
>14, respectively, were defined as abnormal.”” LV
global longitudinal strain (GLS) was assessed using
speckle tracking-based strain imaging software
(EchoPAC PC version 10.0),”®> and values =1.5 SD
above sex-, age-, and vendor-specific means were
considered reduced. All echocardiograms were cen-
trally evaluated by a core echocardiography labora-
tory at the Baylor College of Medicine. Interobserver
variability for echocardiographic measures has pre-
viously been reported.?*

Pre-bronchodilator spirometry was used to deter-
mine forced expiratory volume in 1 second (FEV,).*”
FEV, <80% of race and sex predicted was consid-
ered impaired.?®

Isokinetic quadriceps strength was evaluated in a
seated position (Biodex System 4, Biodex Medical
Systems).?” Participants performed 15 maximal knee
extensions with each leg at 300°/s.?® Peak torque for
body weight (Nm/kg) was converted to age- and sex-
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specific z-scores (based on control values) for
analysis.

Peripheral sensorimotor function was evaluated
with the modified total neuropathy scale.’® Partici-
pants were queried for sensory/motor symptoms, and
tested for pin sensation, vibration, distal strength,
and deep tendon reflexes. Scores =5 (of 24) were
considered impaired.*®

MEASURES OF AUTONOMIC DYSFUNCTION. Elevated
resting heart rate was defined as resting heart rate
>80 beats/min,*” obtained from 12-lead electrocar-
diogram reading before exercise testing, after 10 mi-
nutes of quiet sitting. Heart rate reserve was
calculated using the formula (heart rate at peak
resting heart rate)/(age-predicted
maximum heart rate — resting heart rate) - 100, and

exercise —

was defined as abnormal if <80% (or <62% for sub-
jects taking beta-blockers).>° Decreased SBP response
to exercise was defined as an exercise-induced
decrease in SBP below standing baseline value or
failure to increase SBP by =20 mm Hg from baseline
during exercise.®’ Delayed heart rate recovery was
defined as a difference between heart rate at peak
exercise and heart rate measured 2 minutes into re-
covery of =42 beats/min.>* Each subject was placed
into 1 of 4 overall burden groups defined by the
aggregate number of abnormal autonomic function
measures (0, 1, 2, and =3).

STATISTICAL ANALYSIS. Descriptive statistics were
used to characterize survivors and control subjects
including mean + SD or median with 25th-75th per-
centiles (Q1-Q3) for continuous variables and count
(percentages) for categorical variables; group com-
parisons were performed using a t-test, chi-square
test, or Fisher exact test, as appropriate. Frequency
of each marker of autonomic dysfunction and the
distribution of overall burden groups (0, 1, 2, and =3)
for all survivors were compared with control subjects
using the chi-square or Fisher exact test. Univariable
analyses were used to develop a shortlist of candidate
variables (Supplemental Table 1) from which final
variables were selected based on clinical reasoning
for a multivariable stepwise selection regression
model that employed a significance level of 0.10 to
identify independent predictors of =2 measures of
autonomic dysfunction; a similar approach was used
to determine independent predictors of impaired
cardiorespiratory fitness defined as peak Vo, of <80%
predicted (Supplemental Table 2), reduced GLS (data
not shown), and elevated E/e’ (data not shown). No
collinearity was observed in models presented. Model
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Control Subjects

TABLE 1 Demographic and Treatment Characteristics of Childhood Cancer Survivors and

Community
Survivors Control Subjects
(n =1,041) (n = 286) P Value

Age at evaluation, y 355+ 8.9 34.5 +£10.0 0.01
Age at diagnosis, y 9.0 +5.8 - -
Time since diagnosis, y 273 +9.2 = =
Sex 0.84

Female 528 (50.7) 147 (51.4)

Male 513 (49.3) 139 (48.6)
Race/Ethnicity <0.001

Non-Hispanic White 886 (85.2) 258 (90.2)

Non-Hispanic Black 130 (12.5) 14 (4.9)

Hispanic 8(0.8) 1 (3.9)

Other 16 (1.5) 3 (1.0)
Primary cancer diagnosis - -

Leukemia 273 (26.2)

Hodgkin lymphoma 194 (18.6)

Central nervous system tumor 157 (15.1)

Bone tumor 90 (8.6)

Wilms tumor 85(8.2)

Soft tissue sarcoma 55 (5.3)

Neuroblastoma 52 (5.0)

Non-Hodgkin lymphoma 43 (4.1)

Retinoblastoma 39 (3.8)

Other solid tumors 53 (5.1)
Treatment exposure

Anthracycline 324 (31.1)

Chest-directed radiation 140 (13.5)

Anthracycline + chest-directed radiation 203 (19.5)

Neither anthracycline nor 374 (35.9)

chest-directed radiation

Radiation therapy - -

Chest radiation, % 343 (33.0)

Dose of chest radiation, Gy 26 (20-35)

Cranial radiation 286 (27.5)

Dose of cranial radiation, Gy 26 (24-54)

Abdomen/pelvis radiation 338 (32.5)

Dose of abdomen/pelvis radiation, Gy 25 (20-35)
Anthracycline therapy - -

Any anthracycline exposure 527 (50.6)

Dose,® mg/m? 201 (151-323)

<100 mg/m* 44 (4.2)

100-249 mg/m? 288 (27.7)

=250 mg/m? 194 (18.6)
Other chemotherapies - -

Vincristine 657 (63.1)

Alkylating agents 590 (56.7)

Glucocorticoids 386 (37.1)

Methotrexate 381 (36.6)

Mercaptopurine 268 (25.7)

Asparaginase 212 (20.4)

Cisplatin 96 (9.2)

Bleomycin 77 (7.4)

Carboplatin 62 (6.0)

Continued on the next page
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associations are presented as adjusted OR (aOR) with
95% CI. Cardiopulmonary exercise test and echocar-
diographic parameters were compared across survi-
vors categorized according to the aggregate number
of markers of autonomic dysfunction, that is, 0, 1, 2,
and =3, using analysis of variance, chi-square test, or
Fisher exact test, as appropriate. SAS version 9.4
software (SAS Institute) was used for all analysis, and
statisti-

a P value of <0.05 was considered

cally significant.

RESULTS

CHARACTERISTICS OF PARTICIPANTS. The mean +
SD age of survivors at time of cancer diagnosis and
time of evaluation was 9.0 + 5.8 years and 35.5 + 8.9
years, respectively (Table 1). The mean interval be-
tween cancer diagnosis and evaluation was 27.3 + 9.2
(range 10.6-51.1) years. Compared with control sub-
jects, survivors were slightly older at time of evalua-
tion (35.5 + 8.9 years vs 34.5 + 10.0 years; P = 0.01).
Radiation exposures to chest, abdomen/pelvis, and
cranium were present in 33.0%, 32.5%, and 27.5% of
survivors, respectively. Distributions of treatment
exposures are provided in Table 1.

BURDEN OF AUTONOMIC DYSFUNCTION. All 4 mea-
sures of autonomic dysfunction were observed at
higher prevalence among survivors compared with
control subjects (Figure 1A, Supplemental Table 3).
Elevated resting heart rate was observed in 17.9% of
survivors compared with 7.0% of control subjects
(P < 0.001) and was most prevalent among survivors
with a history of chest-directed radiation (28.3%).
Decreased heart rate reserve was twice as prevalent
among survivors compared with control subjects
(21.7% Vs 9.1%; P < 0.001), and was most prevalent
among survivors with a history of chest (22.2%) or
cranial (28.7%) radiation. Decreased SBP response to
exercise occurred in 25.3% of survivors vs 12.6% of
control subjects (P < 0.001), which was also most
prevalent in the setting of prior chest-directed radi-
ation (31.2%). Delayed heart rate recovery was
evident in almost one-quarter of survivors, with a >2-
fold frequency compared with control subjects (24.3%
Vs 10.6%; P < 0.001). The prevalence of this abnor-
mality was highest among survivors with a history of
either chest (34.2%) or cranial (30.4%) radiation.
Over one-half (55.0%) of survivors had at least 1
measure of autonomic dysfunction compared with
only 32.5% of control subjects (P < 0.001), and almost
one-quarter (24.3%) of survivors had a burden of 2 or
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more of these measures compared with only 6.6% of
control subjects. The maximum number of abnormal
measures of autonomic function observed in any
control subject was 2, whereas 8.2% of survivors
manifested abnormalities of 3 or all 4 measures
(Figure 1B, Supplemental Table 3). Among survivors,
the burden of 3 or 4 measures of impaired autonomic
function was most prevalent among those with a
history of chest-directed radiation (14.0%).

INDEPENDENT PREDICTORS OF MEASURES OF
AUTONOMIC DYSFUNCTION. As shown in Table 2,
chest-directed radiation therapy (aOR: 2.06; 95% CI:
1.52-2.75; P < 0.001), cranial radiation (aOR: 1.49; 95%
CI: 1.08-2.05; P = 0.015), and carboplatin exposure
(aOR: 2.50; 95% CI: 1.42-4.40; P = 0.001) were each
associated with significantly increased risk for
having =2 measures of autonomic dysfunction. Other
independent predictors included increasing age at
time of evaluation and smoking history (Table 2). No
independent association was observed with anthra-
cycline therapy (Table 2). Although 18 of 62 (29.0%) of
carboplatin-treated survivors had central nervous
system (CNS) tumors, the independent association
with carboplatin was still observed when survivors
with CNS tumors were excluded from analyses
(Supplemental Table 4). Similarly, findings did not
differ significantly when either diabetes mellitus,
hypertension, or dyslipidemia were added to the
original model (data not shown). Compared with
survivors of leukemia (reference population), survi-
vors of CNS tumors (aOR: 2.22; 95% CI: 1.37-3.60;
P = 0.001) (Supplemental Table 5) and Hodgkin lym-
phoma (aOR: 1.62; 95% CI: 1.06-2.46; P = 0.025)
(Supplemental Table 5) were the only specific cancer
diagnoses associated with an increased likelihood of
autonomic dysfunction.

ASSOCIATION OF AUTONOMIC DYSFUNCTION WITH
CARDIOPULMONARY FITNESS AND ECHOCARDIOGRAPHIC
PARAMETERS. There was a stepwise reduction in peak
oxygen consumption with increasing burden of auto-
nomic dysfunction, decreasing from 28.9 + 7.9 mL/
kg/min in the absence of any marker of autonomic
dysfunction successively to 19.2 + 6.9 mL/kg/min
in the presence of =3 measures of autonomic
dysfunction (Table 3, Figure 2). Survivors with 2 or
more measures of autonomic dysfunction demon-
strated moderately impaired functional capacity based
on peak oxygen consumption of 60% to 70% predicted.
The prevalence of impaired cardiorespiratory fitness
increased from 34.6% among survivors without
measures of autonomic dysfunction to 79.8% among
survivors with =3 measures.
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TABLE 1 Continued
Community
Survivors Control Subjects
(n =1,041) (n = 286) P Value
Surgery - —
Nephrectomy 95 (9.1)
Amputation 51 (4.9)
Thoracotomy 44 (4.2)
Anthropometrics
Body mass index, kg/m? 284 +73 279+ 6.7 0.39
Percent fat mass, % 37.7+£93 26.0 + 8.9 <0.001
Percent lean mass, % 623 £ 94 74.0 £+ 89 <0.001
Health habits
Smoking, pack-years 27+73 28 +74 0.70
Moderate or vigorous physical 407 £ 716 406 + 548 0.97
activity, min/wk
Risky alcohol consumption 36 (3.5) 16 (5.6) 0.1
Baseline cardiovascular risk factors
Hypertension 219 (21.0) 27 (9.4) <0.001
Diabetes mellitus 71 (6.8) 9@3.2) 0.021
Dyslipidemia 159 (15.3) 20 (7.0) <0.001
Baseline cardiovascular medications
Angiotensin-converting enzyme inhibitors or 124 (11.9) 3(1.1) <0.001
angiotensin receptor blockers
Beta-blockers 100 (9.6) 6 (2.1) <0.001
Thiazide diuretic agents 82 (7.9) 4 (1.4) <0.001
Calcium channel blockers 56 (5.4) 5(1.8) 0.009
Loop diuretic agents 12 (1.2) (o] -
Aldosterone antagonists 11 .@(.7) 0 -
Statin therapy 144 (13.8) 1 (3.9) <0.001

treated with anthracycline.

Values are mean =+ SD, n (%), or median (Q1-Q3). *Anthracycline dose was missing for 1 survivor who had been

In multivariable models, 2 or more measures of

autonomic dysfunction was associated with a >2-fold
increased likelihood of peak Vo, <80% predicted after
controlling for important confounders of fitness
including age, BMI, LV function, and reduced quad-
riceps strength among survivors (aOR: 2.71; 95% CI:
1.82-4.02; P < 0.001) (Table 4). This association
remained significant when survivors with CNS tumors
were excluded from analysis (Supplemental Table 6).
In a similar multivariable model that included type of
cancer diagnosis, multiple measures of autonomic
dysfunction again emerged as a strong independent
predictor of impaired cardiorespiratory fitness (aOR:
2.66; 95% CI: 1.76-4.02; P < 0.001) (Supplemental
Table 7).

The proportion of survivors with worsened GLS
progressively increased with increasing burden of
measures of autonomic dysfunction, from 31.2% in
survivors with no such measures to 55% of survivors
with 3 or more measures. Similarly, the proportion of
survivors with abnormal septal €/, lateral e/, and E/e’
ratio progressively increased with increasing
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FIGURE 1 Measures of Autonomic Dysfunction in Adult Survivors of Childhood Cancer
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(A) Prevalence of each measure of autonomic dysfunction (AD) in survivors vs community control subjects. P value for intergroup comparison
for each measure of autonomic dysfunction is <0.001. (B) Burden of autonomic dysfunction in survivors vs community control subjects,
categorized by the aggregate number of each of the 4 measures present. P value for intergroup comparison for each measure of autonomic
dysfunction is <0.001. HR = heart rate; SBP = systolic blood pressure.

aggregate number of measures of autonomic
dysfunction (Table 3, Figure 2). However, the pres-
ence of =2 measures of autonomic dysfunction was
not associated with either reduced GLS or elevated
E/e’ after adjusting for potential confounders in

multivariable models (data not shown).

DISCUSSION

Our analysis of a large and diverse adult cohort of
childhood cancer survivors indicates a higher preva-
lence of elevated resting heart rate, decreased heart
rate reserve, abnormal SBP response to exercise, and
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TABLE 2 Independent Predictors of Measures of Autonomic
Dysfunction Among Childhood Cancer Survivors

Adjusted
OR (95% CI) for
=2 Measures of

Autonomic Dysfunction P Value
Age at evaluation 1.03 (1.01-1.05) <0.001
Smoking history 1.40 (1.02-1.92) 0.039
Chest-directed radiation 2.06 (1.52-2.75) <0.001
Cranial radiation 1.49 (1.08-2.05) 0.015
Carboplatin 2.50 (1.42-4.40) 0.001

Other variables included in this multivariable model, but not identified as inde-
pendent predictors, were age at cancer diagnosis, sex, body mass index, alkylating
agent, and anthracycline therapy. Note that body mass index was included in the
model as a 3-category variable.

abnormal heart rate recovery, all measures of auto-
nomic dysfunction, as well as a higher cumulative
burden of these measures, compared with control
subjects (Central Illustration). The current study is, to
our knowledge, the largest study to describe the
burden of autonomic injury among childhood cancer
survivors. We previously described evidence of car-
diac autonomic dysfunction, as defined by just 2
measures, elevated resting heart rate or abnormal
heart rate recovery, in a small population (N = 388) of
survivors of childhood acute lymphoblastic leuke-
mia." Similarly, adult survivors of mantle radiation
(N = 263) had a greater frequency of elevated resting
heart rate (44.5% vs 17.9%; P < 0.001) and abnormal
heart rate recovery (31.9% vs 9.3%; P < 0.001)
compared with matched control subjects.”” A few
studies have previously reported individual measures
of autonomic injury among survivors of adult cancers

treated with platinum compounds,®*3* vinca
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alkaloids,?® cranial irradiation,®® neck irradiation,’
and chest-directed radiation.'” With unique insights
into the aggregate burden of 4 established measures
of autonomic dysfunction among childhood cancer
survivors, and by exploring predictors and functional
significance of these measures, this current study
advances our understanding of the prevalence, asso-
ciations, and significance of autonomic injury among
childhood cancer survivors.

We report worsening cardiorespiratory fitness with
each increase in the aggregate number of these 4
measures of autonomic dysfunction among childhood
cancer survivors, such that the mean peak Vo, of
survivors with =2 abnormalities is in a range consis-
tent with moderately impaired cardiorespiratory
fitness (peak Vo, = 50% to 69% predicted). Moreover,
after adjusting for important confounders of cardio-
respiratory fitness including age, sex, LV function,
reduced muscle strength, and pulmonary reserve, the
presence of =2 measures of autonomic dysfunction
emerged as a strong independent predictor of peak
Vo, <80% predicted. Although a stepwise increase in
the proportion of survivors who manifest reduced LV
GLS (a more sensitive measure of LV systolic function
than ejection fraction®®) and elevated E/e’ ratio (a
surrogate for elevated LV end-diastolic pressure and
marker of LV diastolic dysfunction®?) was observed
with increasing burden of abnormal measures of
autonomic function, independent associations were
not evident in multivariable analyses. Collectively,
these findings suggest that autonomic dysfunction is
not only prevalent among childhood cancer survi-
vors, but that its presence is independently associ-
ated with impaired cardiorespiratory fitness.

TABLE 3 Influence of Increasing Burden of Measures of Autonomic Dysfunction on Various Echocardiographic and CPET Parameters
Survivors (n = 1,041)
Measures of Autonomic Dysfunction
None Only 1 2 =3
(n = 468) (n = 320) (n =168) (n = 85) P Value
Cardiopulmonary exercise test parameters
Peak oxygen consumption, mL/kg/min 289 +79 262 +74 212+ 7.1 19.2 £ 6.9 <0.001
Peak oxygen consumption as a percent of predicted, % 86.6 +18.2 791 +£17.8 69.1 +£18.5 62.8 +18.9 <0.001
Peak oxygen consumption <80% predicted 162 (34.6) 169 (52.8) 121 (72.0) 67 (79.8) <0.001
Echocardiographic parameters
Left ventricular ejection fraction, % 58.6 £ 5.0 57.4 +55 56.5 £ 6.3 573 £ 6.1 <0.001
Left ventricular ejection fraction <50% 22 (5.1) 21(7.2) 17 (1.2) 6 (9.8) 0.058
Global longitudinal strain, % —-20.1+27 —19.8 + 2.7 -19.3+ 2.6 -18.7+ 24 on
Global longitudinal strain =1.5 SD 137 (31.2) 14 (38.6) 67 (44.1) 44 (55.0) <0.001
Septal ¢ <7 cm/s 24 (5.2) 14 (4.5) 13 (8.0) 1 (13.8) 0.01
Lateral ¢ <10 cm/s 54 (11.7) 44 (14.1) 38 (23.2) 22 (27.5) <0.001
E/e ratio >14 65 (14.1) 45 (14.6) 34 (21.1) 24 (30.8) <0.001
Values are mean + SD or n (%).
CPET = cardiopulmonary exercise test.

781



782 Groarke et al JACC: CARDIOONCOLOGY, VOL. 6, NO. 5, 2024
Autonomic Dysfunction Among Adult Survivors of Childhood Cancer OCTOBER 2024:775-787

FIGURE 2 Relationship of A ic Dysfunction With Exercise and Echocardiographic Assessments
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Multiple factors may predispose childhood cancer
survivors to autonomic dysfunction. Direct injury to
the autonomic nervous system can occur as conse-
quence of malignancy itself, or because of cancer
therapies, surgery, and/or radiation therapy.'® In the
current analysis, factors independently associated
with increased likelihood of =2 measures of auto-
nomic dysfunction in survivors were increasing age at
time of evaluation, smoking history, chest-directed
radiation, cranial radiation, and carboplatin expo-
sure. In addition, the higher risk of autonomic
dysfunction among survivors of childhood Hodgkin
lymphoma and CNS tumors likely reflects underlying
treatment associations, that is, chest-directed radia-
tion therapy used in Hodgkin lymphoma, and cranial
radiation and carboplatin used in treatment of CNS
tumors.

Carboplatin was the only chemotherapy of several
candidate cardiotoxic chemotherapies evaluated to
emerge as an independent predictor of autonomic
dysfunction in this analysis. It is known that platinum
compounds, including carboplatin, are associated
with a dose-dependent peripheral neurotoxicity.>®
Although 2 small studies (N = 16 and N = 90) of
adult cancer survivors suggest relative sparing of
autonomic neurons,*®*! other studies have demon-
strated evidence of autonomic injury based on a
decrease in Valsalva ratio following cisplatin treat-
ment for ovarian adenocarcinoma (n = 11),** and
postural hypotension following cisplatin-based com-
bination chemotherapy for metastatic germ cell

cancer (n = 71)** and oxaliplatin-based chemotherapy
for colorectal cancer (n = 36).>* The current study
offers the most compelling evidence to date of
carboplatin-associated autonomic injury, given that
childhood cancer survivors who were exposed to
carboplatin were 2.5 times (aOR: 2.50; 95% CI: 1.42-
4.40; P = 0.001) more likely to manifest =2 measures
of autonomic dysfunction. The exact mechanism
underlying this potential association is uncertain, but
we did not observe any dose-dependent increase in
risk in this small subset of survivors. In addition,
carboplatin-exposed survivors did not appear to have
of a higher prevalence of peripheral neuropathy
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Among Childhood Cancer Survivors

Adjusted
OR (95% CI) for

TABLE 4 Independent Predictors of Impaired Cardiorespiratory Fitness

Vo, <80% Predicted P Value
Age at evaluation 0.98 (0.96-0.99) 0.043
=2 measures of autonomic dysfunction 2.71 (1.82-4.02) <0.001
Female 0.59 (0.43-0.80) <0.001
MVPA =150 min/wk 0.49 (0.36-0.67) <0.001
Quadriceps strength, 1 SD decrease 1.56 (1.34-1.81) <0.001
FEV; < 80% 3.24 (2.27-4.64) <0.001

the model as a 3-category variable.

Vo, = oxygen consumption.

Other variables included in this multivariable model, but not identified as independent predictors,
were: age at diagnosis, body mass index, smoking history, antihypertensive at the time of car-
diopulmonary exercise test, modified total neuropathy score (MTNS) = 5, global longitudinal
strain =1.5 SD, and left ventricular ejection fraction. Note that body mass index was included in

FEV, = forced expiratory volume in 1 minute; MVPA = moderate or vigorous physical activity;
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This illustration outlines the 4 measures of autonomic dysfunction evaluated in this analysis and highlights a higher prevalence of autonomic
dysfunction among survivors vs control subjects. It provides a summary of the predictors of autonomic dysfunction in survivors and outlines
the association of autonomic dysfunction with peak oxygen consumption in survivors. SBP = systolic blood pressure; SILIFE = St. Jude

compared with survivors who were not based on the
modified total neuropathy scale (data not shown).
Radiation-mediated injury to the autonomic ner-
vous system is well-described.!?:'2:337 Like radiation-
mediated injury to the myocardium, pericardium,
valvular apparatus, coronary arteries, and large ar-
teries, autonomic anatomy within the radiation field is

vulnerable toinjury.'° For example, radiation has been
shown to affect Schwann cells, leading to retraction of
their processes and the appearance of naked axonal
segments in the rat cervical sympathetic trunk.*?
Dose-related autonomic injury with progressive and
late manifestation from time of radiation therapy has
been previously described.'”” Mantle radiation was
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associated with an almost 4-fold higher likelihood of
elevated resting heart rate and over a 5-times higher
likelihood of delayed heart rate recovery among 263
Hodgkin lymphoma survivors compared with cancer-
naive matched control subjects.’” Monotonous heart
rate, persistent tachycardia, and blunted hemody-
namic response to exercise were prevalent among 48
Hodgkin lymphoma survivors treated with medias-
tinal radiation.** Our analyses confirmed that the
aggregate burden of abnormal measures of autonomic
function was highest among survivors with chest-
directed and/or cranial radiation exposures
(Supplemental Table 3). In addition, chest-directed
and cranial radiation exposures each emerged as in-
dependent predictors of increased likelihood of auto-
nomic dysfunction in multivariable analyses.
Although the frequencies of individual and aggregate
measures of autonomic dysfunction were higher
among survivors treated with anthracyclines
compared with control subjects, we did not demon-
strate an independent association between anthracy-
clines and likelihood of autonomic dysfunction.
Although abnormalities in autonomic testing has been
described in adult cancer survivors treated with
anthracyclines, particularly when used in high-dose or
in conjunction with radiation therapy,*° relatively low
doses of epirubicin were not associated with persistent
alterations in heart rate variability in breast cancer
survivors.*® The median cumulative anthracycline
dose in this study was 201 (151-323) mg/m?. However,
no association was observed between cumulative
anthracycline dose =250 mg/m? and any of the 4
measures of autonomic dysfunction (data not shown).

STUDY LIMITATIONS. Diversity of race/ethnicity is
limited in this predominantly non-Hispanic White
cohort. Our measures of autonomic function did not
include assessment of heart rate variability. However,
the 4 measures of autonomic function used in this
study are well-validated, practical, inexpensive, and
can be measured easily during any exercise test.*’
The use of these 4 measures in combination offers a
more robust approach to assess autonomic function
than any 1 measure used in isolation. Due to the
cross-sectional nature of this study, we are unable to
assess for causal association between autonomic
dysfunction and impaired cardiorespiratory fitness
and/or LV function, and vice versa. Prospective
studies to determine the temporal relationship of
these abnormalities are needed. Similarly, this cross-
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sectional analysis cannot inform the time course for
onset of autonomic injury and progression over time
after childhood cancer exposures. Baseline and
repeated assessments of autonomic function before
and after cancer diagnosis and treatments are needed
to define the natural history of autonomic injury in
this setting.

CLINICAL IMPLICATIONS. These study findings have
important clinical implications for the growing pop-
ulation of childhood cancer survivors. We provide the
most robust evidence to date of persistent autonomic
injury among a significant proportion of this cohort
that is associated with impaired cardiorespiratory
fitness. These findings emphasize the need for clini-
cians to consider evaluation of autonomic function
during work-up of exercise limitation in this cohort.
Furthermore, given the well-established association
of autonomic dysfunction with cardiovascular
morbidity and mortality, the potential contribution of
autonomic injury to adverse cardiovascular outcomes
among childhood cancer survivors warrants evalua-
tion. Survivors with evidence of autonomic imbal-
ance may represent a higher risk cohort of survivors
that may require even more careful cardiovascular
risk mitigation from their clinicians. Our findings
establish the autonomic nervous system as a poten-
tial therapeutic target and provide rationale to sup-
port clinical trials of interventions that modulate
sympathovagal balance. Indeed, there is preclinical
and/or clinical rationale to support evaluation of
several pharmacological (eg, ivabradine, beta-
blockers, renin-angiotensin-aldosterone system inhi-
bition) and non-pharmacological interventions (ex-
ercise training, vagal nerve stimulation, carotid
baroreceptor stimulation) in this context.*®

CONCLUSIONS

Persistent autonomic injury remote from cancer
diagnosis/treatment in adult survivors of childhood
cancer is suggested by a higher prevalence of elevated
resting heart rate, decreased heart rate reserve,
abnormal SBP response to exercise, and abnormal
heart rate recovery, and the combination of these 4
measures of abnormal autonomic function compared
to control subjects. Survivors with carboplatin expo-
sure, cranial radiation, or chest-directed radiation
therapy appear particularly predisposed. Autonomic
dysfunction is associated with significant impairment
of cardiorespiratory fitness, even after adjusting for
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important confounders including LV function, lung
function, muscle strength, age, and BMI. Collectively,
these findings implicate autonomic injury in the eti-
ology of exercise limitation that frequently impairs
quality of life of childhood cancer survivors. Thera-
peutic interventions to ameliorate autonomic
dysfunction in cancer survivors require evaluation.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:
Persistent autonomic injury remote from cancer
diagnosis/treatment in adult survivors of childhood
cancer is suggested by a higher prevalence and
aggregate burden of 4 measures of abnormal auto-
nomic function (elevated resting heart rate, decreased
heart rate reserve, decreased SBP response to exer-
cise, and delayed heart rate recovery) compared with
control subjects. Autonomic dysfunction is indepen-
dently associated with significant impairment of
cardiorespiratory fitness among adult survivors of
childhood cancer and should be considered during
evaluation of exercise limitation in these patients.

TRANSLATIONAL OUTLOOK: Our findings estab-

relationships relevant to the contents of this paper to disclose.

ADDRESS FOR CORRESPONDENCE: Dr Greg Arm-
strong, Department of Epidemiology and Cancer
Control, St. Jude Children’s Research Hospital, 262
Danny Thomas Place, Memphis, Tennessee 38105,
USA. E-mail: greg.armstrong@stjude.org.

cise training.

lish the autonomic nervous system as a potential

therapeutic target among adult survivors of childhood
cancer with exercise limitation and provide rationale
to support clinical trials of interventions that modu-
late sympathovagal balance, such as structured exer-
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