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A Population-Based Study of the
Long-Term Risk of Infections Associated With
Hospitalization in Childhood Cancer Survivors
Leena Chehab, MD, MS1; David R. Doody, MS2; Adam J. Esbenshade, MD, MSCI3; Gregory M.T. Guilcher, MD4;

Christopher C. Dvorak, MD5; Brian T. Fisher, DO, MSCE, MPH6,7; Beth A. Mueller, MPH, DPH2,8; Eric J. Chow, MD, MPH2; and

Jenna Rossoff, MD9,10

abstract

PURPOSE Infections pose a significant risk during therapy for childhood cancer. However, little is known about
the risk of infection in long-term survivors of childhood cancer.

METHODS We performed a retrospective observational study of children and adolescents born in Washington
State diagnosed with cancer before age 20 years and who survived at least 5 years after diagnosis. Survivors were
categorized as having a hematologic or nonhematologic malignancy and were matched to individuals without
cancer in the state birth records by birth year and sex with a comparator:survivor ratio of 10:1. The primary
outcome was incidence of any infection associated with a hospitalization using diagnostic codes from state
hospital discharge records. Incidence was reported as a rate (IR) per 1,000 person-years. Multivariate Poisson
regression was used to calculate incidence rate ratios (IRR) for cancer survivors versus comparators.

RESULTS On the basis of 382 infection events among 3,152 survivors and 771 events among 31,519 com-
parators, the IR of all hospitalized infections starting 5 years after cancer diagnosis was 12.6 (95% CI, 11.4 to
13.9) and 2.4 (95% CI, 2.3 to 2.6), respectively, with an IRR 5.1 (95% CI, 4.5 to 5.8). The survivor IR during the
5- to 10-year (18.1, 95% CI, 15.9 to 20.5) and. 10-year postcancer diagnosis (8.3, 95% CI, 7.0 to 9.7) periods
remained greater than comparison group IRs for the same time periods (2.3, 95%CI, 2.1 to 2.6 and 2.5, 95%CI,
2.3 to 2.8, respectively). When potentially vaccine-preventable infections were evaluated, survivors had a greater
risk of infection relative to comparators (IRR, 13.1; 95% CI, 7.2 to 23.9).

CONCLUSION Infectious complications continue to affect survivors of childhood cancer many years after initial
diagnosis. Future studies are needed to better understand immune reconstitution to determine specific factors
that may mitigate this risk.

J Clin Oncol 41:364-372. © 2022 by American Society of Clinical Oncology

INTRODUCTION

In the past five decades, the 5-year survival rate for all
pediatric cancer has steadily increased to exceed 80%.1

This improvement in survival is primarily attributed to
advancements in therapy, risk stratification, and sup-
portive care.2,3 Although these treatment protocols are
lifesaving, they have undesirable consequences, including
prolonged delays in immune reconstitution leaving pa-
tients vulnerable to infection well beyond completing
chemotherapy.4-6 The Childhood Cancer Survivor Study
reported that survivors of all cancer were 1.6-2.7 times
more likely to be hospitalized for infection . 5 years
following the completion of therapy compared with age-
and sex-matched individuals in the general population.7

As a result, infection remains a significant cause of
morbidity and mortality for the estimated 500,000 survi-
vors of childhood cancer in the United States.5,7,8

Although prior studies highlight the overall infection
risk for children after completing therapy for any

cancer, there is a paucity of data documenting the
incidence of specific infections in long-term cancer
survivors, including potentially vaccine-preventable
illnesses severe enough to require hospitalization.9

In the absence of these data, clinicians, in particu-
lar, pediatricians in the community who care for these
children following completion of therapy, are unable to
have informed discussions regarding infection risk
with parents and their patients in this post-treatment
period. The aim of the current study is to describe the
overall incidence rate (IR) of infections requiring
hospitalization for survivors of childhood and adoles-
cent cancers at least 5 years from initial cancer di-
agnosis. IRs will also be calculated for specific
infection types and by subgroups of survivors of he-
matologic and nonhematologic malignancies. Evalu-
ating infections separately in survivors of hematologic
and nonhematologic cancers allows for a better un-
derstanding of malignancy-specific risks and ad-
dresses the specific knowledge gap of immune
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impairment after treatment in nonhematologic malignan-
cies.9 As therapeutic options improve and the number of
childhood cancer survivors increases, it is important to
define infection risk in the post-therapy period to guide
counseling and encourage investigations aimed at devel-
oping effective preventative strategies.

METHODS

Study Design and Patient Population

We conducted a population-based retrospective observa-
tional follow-up analysis using linked cancer-birth-hospital
discharge records from Washington State–born children
and adolescents with and without cancer. We calculated
IRs of infections associated with a hospitalization or death
overall and during different follow-up time periods that each
started 5 years after cancer diagnosis. These rates were
separately calculated for children with hematologic and
nonhematologic malignancies and compared with rates for
children and adolescents without cancer.

Identification of Cancer Survivors

Cancer survivors were identified from two population-based
cancer registries in Washington State: the Cancer Sur-
veillance System (part of the National Cancer Institute’s
Surveillance, Epidemiology and End Results Program) and
the Washington State Cancer Registry (part of the Centers
for Disease Control and Prevention’s North American As-
sociation of Central Cancer Registries). The former registry
began in 1974 and includes . 70% of the state’s pop-
ulation; the latter began in 1995. Cancer registry records of
individuals age , 20 years at the time of primary cancer
diagnosis were linked to Washington State birth records to
identify those born in state (N 5 5,605). Only children
diagnosed between 1982 and 2008 and who survived at
least 5 years from diagnosis were included in this analysis
(N 5 3,152), with last date of follow-up through December

2013. An index date of 5 years from initial cancer diagnosis
was assigned to each survivor.

Comparator Subjects

Each cancer survivor was randomly matched by birth year
and sex to 10 children identified in the remaining Wash-
ington State birth records. Comparator subjects repre-
senting the general population were not known to have died
before the survivor’s index date on the basis of further
linkage to the state death records.

Outcome

Record linkage occurred in 2014-2015. Records of all
subjects were linked to state hospital discharge and death
records beginning at the index date, as described previ-
ously.8 Subjects without a death or hospitalization record
identified during this time were assumed to be alive and
event-free through December 2013. The primary outcome
was incidence of any infection associated with a hospi-
talization or death occurring 5 or more years after the
cancer diagnosis through December 2013. Time to event
was measured from index date, with median potential
follow-up10 of 9.3 years (interquartile range [IQR], 4.4-14.5
years) for both cases and comparators. Infections were
defined using International Classification of Disease, Ver-
sion 9 and 10 (ICD-9/-10), codes according to Medicare-
Medicaid billing standards (Appendix Table A1, online
only). State hospital discharge data include records of all
inpatient discharges (full and observation admissions) at
non-Federal facilities and contain up to 25 discharge di-
agnoses. State death records contain one underlying pri-
mary and up to 10 contributing causes of death. Death
because of infection without an associated hospitalization
was extremely rare, and thus the primary outcome is re-
ferred to more simply as infection associated with a hos-
pitalization. As done previously, infections were classified
by organism type (bacterial, fungal, or virus), by organ

CONTEXT

Key Objective
There is a paucity of data documenting the incidence of specific infections in long-term cancer survivors, specifically

differentiating risk in patients with hematologic versus nonhematologic malignancies. This population-based retro-
spective observational follow-up analysis sought to determine whether survivors of pediatric cancer still have an elevated
risk of infection . 5 years from initial diagnosis.

Knowledge Generated
Survivors of pediatric cancer remain at increased risk of infections associated with a hospitalization or death long after their

initial diagnosis. This risk is elevated in survivors of both hematologic and nonhematologic malignancies for infections
across most of the organ systems and pathogen groups assessed.

Relevance
It is vital for patients, caregivers, and their providers to appreciate this long-term infection risk assessment. This allows for

better counseling by physicians and recommendations of care for survivors that will reduce the morbidity of infection
throughout the survivorship period.
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system/infection type (nervous system, respiratory, GI,
genitourinary, musculoskeletal, skin, or sepsis), and by
whether it is potentially vaccine-preventable (influenza A
and B virus, varicella zoster virus,H. influenzae, hepatitis B,
or S. pneumoniae).11 Subjects may have had more than
one hospitalization associated with infection.

Covariate Data

Race/ethnicity, birth year, and sex for cancer survivors and
comparator subjects were available from the state birth
records. Cancer-specific variables including International
Classification of Diseases for Oncology (ICD-O) morphology
and topography codes, date of diagnosis, and age at di-
agnosis were available from the cancer registries. Cancer
types were classified per the International Classification of
Childhood Cancer, 3rd edition.12 Cancer treatment duration
and relapse status were not available from these registries.

Statistical Analysis

IRs of infection associated with a hospitalization per
1,000 person-years (PY) were calculated. Poisson regression
was used to estimate the incidence rate ratios (IRR) and
associated 95% CIs comparing infection rates between
children with and without cancer.13 For each infection type,
the count of infections (ranging from 0 to 15) was the de-
pendent variable, with years under observation included as an
offset term in the Poisson model. Birth year (continuous) and
sex were included as covariates. Survivors were categorized
as having a hematologic (n5 1,244) or nonhematologic (n5
1,908) malignancy, with calculation of respective IRs and
IRRs. We examined the infection-related IRs and IRRs overall
for 51 years after diagnosis, and more specifically during 5
to, 10 years after diagnosis, and$ 10 years after diagnosis.
IRs and IRRs for infections associated with a hospitalization
were also calculated by infection type, organ system, and
status as potentially vaccine-preventable. We used Stata
version 17 (College Station, TX) for all analyses.14

RESULTS

The assembled cohort included 3,152 cancer survivors:
1,244 (39.5%) survivors of hematologic malignancy and
1,908 (60.5%) survivors of nonhematologic malignancy
(Table 1). Leukemia (25.9%), CNS tumors (19.8%), and
lymphoma (13.6%) were the most common cancers. Sex
and age distribution of cancer survivors and comparators
were similar by design. Each group consisted of 48.1%
females and 51.9% males. The median age at cancer
diagnosis was 7 years (range, 0-19 years). Median follow-
up after index date was 8.8 years (range, 0.05-27.0 years;
IQR, 4.1-14.2 years) for cancer survivors and 9.3 years
(range, 0.1-27.0 years; IQR, 4.4-14.5 years) for age- and
sex-matched comparators.

Overall and Specific Inpatient Infection Rates

In the follow-up period, there were 382 infections diagnosed
during a hospitalization among 3,152 cancer survivors and

771 infections diagnosed in the inpatient setting among
31,519 comparators. This resulted in an IR of 12.6 inpatient
infections per 1,000 PY (95% CI, 11.4 to 13.9) in cancer
survivors and 2.4 inpatient infections per 1,000 PY rate
(95% CI, 2.3 to 2.6) in the comparator subjects. Among
survivors of hematologic and nonhematologic malignancy,
the IR for all infections associated with a hospitalization was
18.5 (95% CI, 16.2 to 21.1) and 8.7 (95% CI, 7.5 to 10.2),
respectively. Among infection types, bacterial was the most
common in both survivors of hematologic and non-
hematologic malignancy (IR, 7.3; 95%CI, 5.9 to 9.0; and IR,
2.7; 95% CI, 2.1 to 3.6, respectively). By organ system,
respiratory infections were most common in survivors of
hematologic malignancy (IR, 4.1; 95% CI, 3.5 to 4.9),
whereas survivors of nonhematologic malignancy had a very
similar incidence of genitourinary and respiratory infections
(IR, 2.6; 95% CI, 2.0 to 3.5; and IR, 2.6; 95% CI, 1.9 to 3.4,
respectively). Sepsis was also among the most frequent
inpatient infection in both survivors of hematologic and
nonhematologic malignancy (IR, 2.2; 95% CI, 1.5 to 3.2;
and IR, 0.8; 95% CI, 0.5 to 1.4, respectively; Table 2).

The incidence of infections associated with a hospitalization
per 1,000 PY declined for cancer survivors, both of hema-
tologic and nonhematologic malignancy, in the . 10-year
postdiagnosis follow-up period (IR, 8.3; 95% CI, 7.0 to 9.7) as
compared with 5- to 10-year follow-up period (IR, 18.1; 95%
CI, 15.9 to 20.5; Figs 1 and 2). However, these IRs were
higher for cancer survivors in both follow-up periods relative to
rates of infection associated with a hospitalization for age- and
sex-matched comparators during the same follow-up win-
dows (IR, 2.5; 95% CI, 2.3 to 2.8; and IR, 2.3; 95% CI, 2.1 to
2.6, respectively; Appendix Tables A2 and A3 [online only]).

Relative Risk of Infections Associated

With Hospitalization

The IRR of infections associated with hospitalization in all
cancer survivors was 5.1 (95% CI, 4.5 to 5.8). Although
bacterial infections were more numerous in survivors of both
hematologic and nonhematologic malignancy, the relative risk
was highest for fungal infections in both groups (IRR, 25.2;
95% CI, 14.7 to 43.2; and IRR, 10.2; 95% CI, 5.5 to 18.9,
respectively) followed by bacterial (IRR, 10.7; 95% CI, 8.3 to
13.7; and IRR, 4.0; 95% CI, 3.0 to 5.5, respectively). When
evaluating organ systems, the IRR of survivors of hematologic
malignancy relative to comparators was highest for infections of
the nervous system (IRR, 13.9; 95% CI, 6.2 to 31.1) followed
by respiratory infections (IRR, 10.1; 95% CI, 7.8 to 13.1),
whereas relative risk for infections of the genitourinary followed
by nervous system (IRR, 8.1; 95% CI, 5.7 to 11.4; and IRR,
5.0; 95%CI, 1.9 to 13.7, respectively) were the highest among
survivors of nonhematologic malignancy (Table 3, Fig 3).

Both survivors and comparators experienced relatively low
rates of inpatient vaccine-preventable infections associated
with hospitalization (Table 2); however, rates were signifi-
cantly higher in cancer survivors versus comparator

366 © 2022 by American Society of Clinical Oncology Volume 41, Issue 2
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TABLE 1. Characteristics of Child Cancer Survivors and Age- and Sex-Matched Comparators

Characteristic
Comparator Subjects

(N 5 31,519), No. (%)
All Cancer Survivors
(N 5 3,152), No. (%)

Survivors of Hematologic Malignancy
(n 5 1,244), No. (%)

Survivors of Nonhematologic Malignancy
(n 5 1,908), No. (%)

Sex

Female 15,160 (48.1) 1,516 (48.1) 555 (44.6) 961 (50.4)

Male 16,359 (51.9) 1,636 (51.9) 689 (55.4) 947 (49.6)

Race/ethnicity

Asian 1,675 (5.3) 163 (5.2) 68 (5.5) 95 (5.0)

Black 1,123 (3.6) 87 (2.8) 37 (3.0) 50 (2.6)

Hispanic 2,051 (6.5) 183 (5.8) 87 (7.0) 96 (5.0)

Native American 622 (2.0) 47 (1.5) 15 (1.2) 32 (1.7)

White 25,349 (80.4) 2,617 (83.0) 1,014 (81.5) 1,603 (84.0)

Other/unknown 699 (2.2) 55 (1.7) 23 (1.8) 32 (1.7)

Age at diagnosis, years

, 5 1,305 (41.4) 508 (40.8) 797 (41.8)

5-9 559 (17.7) 256 (20.6) 303 (15.9)

10-14 539 (17.1) 213 (17.1) 326 (17.1)

15-19 749 (23.8) 267 (21.5) 482 (25.3)

Index year

1987-1989 91 (2.9) 29 (2.3) 62 (3.2)

1990-1994 270 (8.6) 111 (8.9) 159 (8.3)

1995-1999 497 (15.8) 197 (15.8) 300 (15.7)

2000-2004 759 (24.1) 305 (24.5) 454 (23.8)

2005-2009 815 (25.9) 314 (25.2) 501 (26.3)

2010-2013 720 (22.8) 288 (23.2) 432 (22.6)

Cancer type

Leukemias 815 (25.9) 815 (65.5)

Lymphomas 429 (13.6) 429 (34.5)

CNS 625 (19.8) 625 (32.8)

Neuroblastoma 211 (6.7) 211 (11.1)

Retinoblastoma 95 (3.0) 95 (5.0)

Renal 173 (5.5) 173 (9.1)

Hepatic 39 (1.2) 39 (2.0)

Malignant bone 110 (3.5) 110 (5.8)

Soft tissue 203 (6.4) 203 (10.6)

Germ cell 167 (5.3) 167 (8.8)

Other malignant epithelial 269 (8.5) 269 (14.1)

Other/unspecified malignancy 16 (0.5) 16 (0.8)

Journal
of

Clinical
Oncology

367

Long-Term
R
isk

of
Serious

Infection
in

P
ediatric

C
ancer

Survivors



subjects. Specifically, survivors of both hematologic ma-
lignancy and nonhematologic malignancy have an in-
creased risk of varicella zoster virus infections relative to

comparator subjects (IRR, 69.7; 95% CI, 24.8 to 195.4;
and IRR, 6.7; 95% CI, 1.3 to 34.5, respectively). Survivors
of hematologic malignancy also had a significantly

TABLE 2. Incidence Rates per 1,000 Person-Years With 95% CI of Hospitalized Infections Overall and by Organism and Organ System of Child Cancer
Survivors . 5 Years From Diagnosis and Comparators

Infection Classification

Comparator Subjects
(N 5 31,519)

All Cancer Survivors
(N 5 3,152)

Survivors of Hematologic
Malignancy (n 5 1,244)

Survivors of
Nonhematologic

Malignancy (n 5 1,908)

Events Rate Events Rate Events Rate Events Rate

Infections, all 771 2.4 (2.3 to 2.6) 382 12.6 (11.4 to 13.9) 221 18.5 (16.2 to 21.1) 161 8.7 (7.5 to 10.2)

Bacterial 214 0.7 (0.6 to 0.8) 137 4.5 (3.8 to 5.3) 87 7.3 (5.9 to 9.0) 50 2.7 (2.1 to 3.6)

Fungal 27 0.1 (0.1 to 0.1) 42 1.4 (1.0 to 1.9) 26 2.2 (1.5 to 3.2) 16 0.9 (0.5 to 1.4)

Viral 83 0.3 (0.2 to 0.3) 39 1.3 (0.9 to 1.8) 30 2.5 (1.8 to 3.6) 9 0.5 (0.3 to 0.9)

By organ system

Sepsis 69 0.2 (0.2 to 0.3) 41 1.3 (1.0 to 1.8) 26 2.2 (1.5 to 3.2) 15 0.8 (0.5 to 1.4)

Nervous system 17 0.1 (0.0 to 0.1) 14 0.5 (0.3 to 0.8) 9 0.8 (0.4 to 1.4) 5 0.3 (0.1 to 0.7)

Respiratory system 202 0.6 (0.6 to 0.7) 125 4.1 (3.5 to 4.9) 78 6.5 (5.2 to 8.1) 47 2.6 (1.9 to 3.4)

GI system 230 0.7 (0.6 to 0.8) 30 1.0 (0.7 to 1.4) 19 1.6 (1.0 to 2.5) 11 0.6 (0.3 to 1.1)

Genitourinary system 100 0.3 (0.3 to 0.4) 62 2.0 (1.6 to 2.6) 14 1.2 (0.7 to 2.0) 48 2.6 (2.0 to 3.5)

Musculoskeletal system 21 0.1 (0.0 to 0.1) , 5 , 5 , 5

Skin 114 0.4 (0.3 to 0.4) 42 1.4 (1.0 to 1.9) 19 1.6 (1.0 to 2.5) 23 1.2 (0.8 to 1.9)

Vaccine-preventable infections, alla 19 0.1 (0.0 to 0.1) 24 0.8 (0.5 to 1.2) 20 1.7 (1.1 to 2.6) , 5

Influenza A and B virus , 5 5 0.2 (0.1 to 0.4) 5 0.4 (0.2 to 1.0) 0 —

Varicella zoster virus 5 0.0 (0.0 to 0.0) 15 0.5 (0.3 to 0.8) 13 1.1 (0.6 to 1.9) , 5

NOTE. In cells with , 5, incidence rates ranged from 0.0 to 0.2.
aSee Appendix tables for incidence rates of other specific vaccine-preventable infections.

Survivors of hematologic malignancy Survivors of non-hematologic malignancy
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FIG 1. Rates of infection by organism type: (A) all infections, (B) bacterial infections, (C) fungal infections, and
(D) viral infections.

368 © 2022 by American Society of Clinical Oncology Volume 41, Issue 2

Chehab et al



increased risk of influenza A and B infection associated with
hospitalization (IRR, 32.9; 95% CI, 8.8 to 122.7; Table 3).

DISCUSSION

In this observational comparative study, infections diagnosed
in the inpatient setting were consistently and significantly
higher in cancer survivors versus age- and sex-matched
comparators. Although higher rates of infections diagnosed
during a hospitalization were documented in the 5- to 10-
year period, the increased risk for such infections persisted
for survivors of hematologicmalignancy and nonhematologic
malignancy. 10 years from cancer diagnosis. These results
are consistent with prior literature. In 2011, Lorenzi et al
found that pediatric cancer survivors in a British Columbia
registry had an increased risk of infections diagnosed during
hospitalization for up to 5 years after their diagnosis. This risk
was particularly evident among the leukemia survivor sub-
group.15 A separate Canadian study from Pelland-Marcotte
et al6 leveraged administrative data from the Pediatric On-
cology Group of Ontario Networked Information System to
show that leukemia survivors had an increased relative risk of
infections diagnosed in the inpatient and outpatient settings
at 5 years and . 5 years after the completion of chemo-
therapy compared with a control group. Data from our US-
based study, in conjunction with these Canadian reports,

highlight the potential long-lasting impact that cancer
therapy has on infection risk.

Although survivors of hematologic malignancy tended to have
higher risk of infection than survivors of nonhematologic ma-
lignancy relative to comparators, both groups had significantly
increased relative risks for inpatient infections across most of
the organ systems and pathogen groups assessed. Given that
the increased risk for infections associated with hospitalization
existed across most infection subtypes, clinicians caring for
pediatric cancer survivors need to remain vigilant for a wide
range of infections in these patients compared with their
healthy counterparts. This is particularly true for bacterial in-
fections, which were the most numerous. However, it is also
important to maintain awareness for fungal infections, which
yielded the highest IRR of all infection types, as they were far
less common in the comparators. Among organ systems, the
increased risk of infections of the respiratory tract, nervous
system, and genitourinary system, and sepsis were particularly
profound. This higher index of suspicion may warrant lower
thresholds for bringing patients into the clinic for evaluation,
pursuing diagnostic testing, or referring to subspecialists for
additional evaluation. Furthermore, it is imperative that patients
and their caregivers are appropriately counseled about this
long-term risk so that theymay seek timelymedical attention for
infectious symptoms, rather than assuming that their infectious
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symptoms can be managed with a similar approach used for
otherwise healthy children and adolescents.

Survivors of both hematologic and nonhematologic ma-
lignancy also had significantly increased risk for vaccine
preventable illnesses diagnosed during a hospitalization.
The magnitude of risk relative to comparators was noted be
higher among the survivors of hematologic malignancy.

Varicella zoster virus was the most common vaccine-
preventable illness reported followed by influenza. It is
important to note, however, that many of these patients
(approximately 70%) were born before incorporation of the
varicella vaccine into the routine childhood vaccination
series, and thus may not represent a failure of prior vaccine
receipt. The increased risk of influenza infections in the

TABLE 3. IRR of Infections in Cancer Survivors . 5 Years From Diagnosis Relative to Comparators

Infection Classification

All Cancer Survivors
Survivors of Hematologic

Malignancy
Survivors of Nonhematologic

Malignancy

IRR 95% CI IRR 95% CI IRR 95% CI

Infections, all 5.1 4.5 to 5.8 7.5 6.5 to 8.7 3.6 3.0 to 4.3

Bacterial 6.7 5.4 to 8.2 10.7 8.3 to 13.7 4.0 3.0 to 5.5

Fungal 16.2 10.0 to 26.2 25.2 14.7 to 43.2 10.2 5.5 to 18.9

Viral 4.9 3.3 to 7.1 9.5 6.3 to 14.5 1.9 0.9 to 3.7

By organ system

Sepsis 6.2 4.2 to 9.1 9.9 6.3 to 15.5 3.7 2.1 to 6.6

Nervous system 8.5 4.2 to 17.3 13.9 6.2 to 31.1 5.0 1.9 to 13.7

Respiratory system 6.4 5.1 to 8.0 10.1 7.8 to 13.1 4.0 2.9 to 5.5

GI system 1.3 0.9 to 2.0 2.2 1.3 to 3.4 0.8 0.4 to 1.5

Genitourinary system 6.4 4.7 to 8.8 3.8 2.2 to 6.7 8.1 5.7 to 11.4

Musculoskeletal system 2.0 0.7 to 5.7 1.2 0.2 to 9.1 2.5 0.7 to 8.3

Skin 3.8 2.7 to 5.5 4.3 2.7 to 7.0 3.5 2.2 to 5.5

Vaccine-preventable infections, alla 13.1 7.2 to 23.9 27.6 14.7 to 51.8 3.7 1.2 to 10.8

Influenza A and B virus 12.9 3.5 to 48.2 32.9 8.8 to 122.7 0.0 —

Varicella zoster virus 31.0 11.3 to 85.3 69.7 24.8 to 195.4 6.7 1.3 to 34.5

Abbreviation: IRR, incidence rate ratio.

Infections, All

Bacterial

Fungal

Viral

By Organ System

Sepsis

Nervous System

Respiratory

Gastrointestinal

Genitourinary

Musculoskeletal

Skin

Vaccine-Preventable, All

Influenza A and B Virusa

Varicella Zoster Virus

Survivors of hematologic malignancy Survivors of non-hematologic malignancy

0.5 1 2 5 10 20 120

IRR

FIG 3. IRRs (Poisson regression) of infections by organism and organ system for survivors versus
comparators. aNo influenza hospitalizations in nonheme survivors. IRR, incidence rate ratio.
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survivors of hematologic malignancy underscores the im-
portance of annual immunization for this population.
Further investigation is necessary to determine whether
revaccination after completion of chemotherapy would
prevent some of these vaccine-preventable illnesses
that present in the immediate years after completing
chemotherapy. Importantly, there were few diagnosed
vaccine-preventable infections associated with hospitali-
zation in the period beyond 10 years from cancer diag-
nosis suggesting that the increased risk of infection from
these pathogens declines with time. At present, interna-
tional guidelines from the Children’s Oncology Group
recommend that all survivors of childhood cancer make
up missed doses of regularly scheduled vaccines.9 For
survivors who have received all scheduled vaccinations, it
is recommended that either (1) boosters be given or (2)
titers be measured (if available) and a booster be given
if a survivor lacks seroprotection for a given vaccine.9

These guidelines generally align with practice in the
United Kingdom and published recommendations from
the European Conference on Infection in Leukemia, where
boosters are recommended.16-18

Major strengths of this study include a large cohort of pe-
diatric cancer survivors with a variety of cancer diagnoses
and a large comparator group with a 10:1 ratio of age- and
sex-matched subjects. Additionally, data came from robust
and substantiated population-based data sources that are
prospectively coded, thus helping to circumvent response
bias.19 Furthermore, this study contributes to a knowledge
gap regarding long-term risk of infections diagnosed during
hospitalizations in survivors of nonhematologic malignancy,
specifically the high rates of fungal and genitourinary in-
fections and significantly increased risk of sepsis relative to
comparators, even . 10 years from cancer diagnosis.
Overall, there is a paucity of published data reporting on late-
onset (. 5 years and 10 years after diagnosis) inpatient
infections in cancer survivors and a lack of results specific to
certain organ systems and pathogen types, notably vaccine-
preventable illnesses. The results from this study contribute
to our knowledge regarding the extent of these types of late
effects of treatment.

There are several limitations of this study. First, non-Hispanic
Whites accounted for. 80% of the subjects in both groups.
Although the population of Washington state is reported to
have higher percentages of non-Hispanic White and Asian
and a slightly lower percentage of Hispanic andBlack people
than the US population as a whole,20 this cohort spans a
diagnosis period dating back to the 1980s when the US
population, especially children, was less diverse than today.
Second, the data source for patients with cancer in this study
did not identify whether additional treatment for relapse,
secondary malignancy, or allogeneic hematopoietic cell
transplantation occurred. It is possible that some of the
identified infections were attributable to this additional im-
mune suppression rather than residual effect of initial cancer
therapy. However, this should be less of a concern among
survivors analyzed . 10 years from initial cancer diagnosis,
when significantly increased rates of infection were still
observed. Third, given that this analysis only assessed in-
patient infections and was dependent on diagnostic codes
for infection event detection, we likely underestimated the
burden of infections in the observed follow-up period.
However, by restricting outcomes to those associated with
hospitalization, our results should have captured the most
clinically relevant serious infections.

Advancement in treatment protocols has yielded survival
rates of . 80% at 5 years from diagnosis of childhood
cancer; however, these patients are still at risk of signif-
icant long-term risk from infection secondary to their
cancer diagnosis and therapy.21,22 Our data show that the
risk of an infection associated with hospitalization con-
tinues to be significantly increased in survivors of child-
hood cancer compared with age-matched controls many
years to decades after initial diagnosis, with an even
higher burden on survivors of hematologic malignancies.
It is vital for patients, caregivers, and their providers to
have an awareness of this longer-term infection risk to
allow for better counseling by physicians and recom-
mendations of care for survivors that will reduce the
morbidity of infection during the survivorship period.
Additional investigation is necessary to optimize strategies
aimed at preventing these infections altogether.
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APPENDIX

TABLE A1. Outcome Categories Derived From the Washington State Hospital Discharge and Death Registries
Category ICD-9 [ICD-10 equivalent] Codesa

Infections, all 001-134.9, 136-139.9, 790.7-790.8 [A_, B_]

Sepsis, any 038 [A40-A41]

Bacterial infections 001-041.9, 079.88,079.98, 080-109.9, 320.2, 320.3, 481, 482.3, 482.4, 790.7 [A00-A05,
A15-A59, A65-A79, B95-B96, B98, G00.0-G00.3, J13-J16.0, J17.0, J17.8, J20.1]

Staphylococcus 005.0, 008.41, 038.1, 041.1, 320.3, 482.4 [A41.0-A41.2, A49.0, B95.6-B95.8, G00.3]

Streptococcus 034, 038.0, 038.2, 041.0, 041.2, 320.2, 481, 482.3 [A39-A40, A49.1, B95.0-B95.1,
B95.3-B95.5, G00.1-G00.2]

Gram-negative 036, 038.4, 041.3-041.7, 041.82-041.86 [A39, A41.3-A41.5, B96.1-B96.7]

Fungal infections 110-118, 136.3, 484.6 [B35-B49, B59]

Candida 112 [B37]

Non-Candida 110-111, 113-118, 136.3 [B35-B36, B38-B49, B59]

Aspergillus 117.3, 484.6 [B44]

Viral infections 042-079.83, 079.89, 079.99, 790.8 [A08.0-A08.4, A60, A63, A80-A99, B00-B34, B97]

Cytomegalovirus 078.5 [B25]

Herpes simplex virus and varicella zoster virus 052-054.9 [B00-B02]

Organ system

Nervous 320-321.9, 323-323.4, 323.6, 324, 326, 360-360.09, 373.1,
373.4-373.6, 376.01-376.04, 376.11-376.13, 380.1, 382, 383,
384.0-384.1 [G00-G02, G04.1-G04.2, G06-G07, G53.0-G53.1, G63.0, G73.4, H00.0,
H03.0-H03.1, H05.0-H05.1, H06.1, H10.0, H13.0-H13.1, H19.0-H19.2, H45.1,
H48.0-H48.1, H58.8, H60.0-H60.3,

H62.0-H62.4, H66-H67.1, H70, H73.0-H73.1, H75.0, H94.0]

Respiratory 011-011.2, 011.6, 011.8, 011.9, 020.3, 020.4, 020.5, 021.2, 022.1, 031.0, 039.1, 055.1,
073.0, 095.1, 112.4, 114.0, 114.4, 114.5, 136.3, 460-469.9, 472-474.09, 475-476.9,
478.21-478.24, 478.71, 480-489.9, 510, 513, 518.6 [A15.0, A15.1, A15.2, A15.3,
A15.6, A15.7, A15.9, A16.0, A16.1, A16.2, A16.5, A16.7, A16.9, A20.2, A21.2, A22.1,
A31.0, A42.0, A43.0, A48.1, B01.2, B05.2, B25.0, B37.1, B38-B38.2, B39-B39.2,
B40.0, B40.1, B40.2, B41.0, B42.0, B44.0, B44.1, B45.0, B46.0, B59, J00-J22,
J31-J32.9, J34.0, J35.0, J36-J37.1, J40-J42, J85-J86.9]

Bacterial pneumonia 011-011.2, 011.6, 011.8, 011.9, 020.3, 020.4, 020.5, 021.2, 022.1, 031.0, 039.1, 073.0,
095.1, 481, 482-482.49, 482.8, 482.9, 483.0, 483.1, 484.3, 484.5 [A15.0, A15.1,
A15.2, A15.3, A15.6, A15.7, A15.9, A16.0, A16.1, A16.2, A16.5, A16.7, A16.9, A20.2,
A21.2, A22.1, A31.0, A42.0, A43.0, A48.1, J13, J14, J15, J16.0, J17.0, J17.8,]

Fungal pneumonia 112.4, 114.0, 114.4, 114.5, 136.3, 484.6, 484.7 [B37.1, B38-B38.2, B39-B39.2, B40.0,
B40.1, B40.2, B41.0, B42.0, B44.0, B44.1, B45.0, B46.0, B59, J17.2]

Viral pneumonia 055.1,480-480.3, 480.8, 480.9, 484.1 [B01.2, B05.2, B25.0, J10.0, J11.0, J12.0, J12.1,
J12.2, J12.3, J12.8, J12.9, J17.1]

Pneumonia, NOS 483.8, 485, 486 [J16.8, J18]

GI 521.0, 522.0-522.1, 522.4-522.7, 523.0-523.4, 526.4-526.5,
527.2-527.4, 528.2-528.3, 528.5, 540-542, 566, 567.0-567.7, 569.5, 569.61,
572.0-572.1, 573.1-573.2, 575.0, 576.1 [K02, K04.1-K04.2, K04.5-K04.7,
K05.0-K05.3, K10.2-K10.3,

K11.2-K11.3, K12.2, K23.0-K23.1, K35-K37, K61, K63.0, K65.0, K67, K75.0, K77.0,
K81.0, K83.0, K87.1, K93.0-K93.1]

(continued on following page)
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TABLE A1. Outcome Categories Derived From the Washington State Hospital Discharge and Death Registries (continued)
Category ICD-9 [ICD-10 equivalent] Codesa

Genitourinary 590-590.9, 595-595.0, 599.0, 601-601.9, 604-604.9, 607.2, 608.0, 611.0, 614-616.1,
616.3-616.89 [N10-N12, N30-N30.0, N30.9, N34.0, N39.0, N41-41.9, N43.1,

N45-45.9, N48.2, N49-N49.9, N61, N70-N73.9, N75.1-N75.8,
N76-N76.8]

Musculoskeletal 711-711.09, 711.4-711.99, 728.86, 730-730.99 [M00-M00.9, M46.2-M46.3, M46.5,
M60.0, M65.1, M71.0-M71.1, M86-M86.9]

Skin 680-684, 685.0, 686-686.9 [L00-L04.9, L05.0, L08-L08.9]

Vaccine-preventable 033.0, 036, 038.41, 041.2, 041.5, 052, 053, 055, 056, 070.0, 070.1, 070.2, 070.3, 072,
078.11, 320.0, 481, 482.2, 487 [A37.0, A39, A40.3, A41.3, A49.2, A63.0, B01, B02,
B05, B06, B15, B16, B18.0, B18.1, B26, B95.3, B96.3, G00.0, G00.1, J10, J11, J13,
J14, J20.1]

Abbreviations: ICD, International Classifications of Diseases (9th or 10th revisions); NOS, not otherwise specified.
aHospital discharge codes on the basis of ICD-9; death registry codes on the basis of ICD-9 and ICD-10.

TABLE A2. Incidence Rates per 1,000 Person-Years with 95% CI of Inpatient Infections Overall and by Pathogen and Organ System of Cancer Survivors 5 to
,10 Years From Diagnosis and Comparators

Infection Classification

Comparator Subjects
(n 5 31,519)

All Cancer Survivors
(n 5 3,152)

Survivors of Hematologic
Malignancy (n 5 1,244)

Survivors of Nonhematologic
Malignancy (n 5 1,908)

Events Rate Events Rate Events Rate Events Rate

Infections, all 317 2.3 (2.1 to 2.6) 241 18.1 (15.9 to 20.5) 159 30.3 (26.0 to 35.5) 82 10.1 (8.2 to 12.6)

Bacterial 76 0.6 (0.4 to 0.7) 88 6.6 (5.4 to 8.1) 66 12.6 (9.9 to 16.0) 22 2.7 (1.8 to 4.1)

Fungal 10 0.1 (0.0 to 0.1) 25 1.9 (1.3 to 2.8) 18 3.4 (2.2 to 5.5) 7 0.9 (0.4 to 1.8)

Viral 26 0.2 (0.1 to 0.3) 33 2.5 (1.8 to 3.5) 27 5.2 (3.5 to 7.5) 6 0.7 (0.3 to 1.7)

By organ system

Sepsis 20 0.1 (0.1 to 0.2) 23 1.7 (1.1 to 2.6) 16 3.1 (1.9 to 5.0) 7 0.9 (0.4 to 1.8)

Nervous system 9 0.1 (0.0 to 0.1) 11 0.8 (0.5 to 1.5) 7 1.3 (0.6 to 2.8) , 5

Respiratory system 91 0.7 (0.5 to 0.8) 83 6.2 (5.0 to 7.7) 55 10.5 (8.1 to 13.7) 28 3.5 (2.4 to 5.0)

GI system 104 0.8 (0.6 to 0.9) 16 1.2 (0.7 to 2.0) 9 1.7 (0.9 to 3.3) 7 0.9 (0.4 to 1.8)

Genitourinary system 39 0.3 (0.2 to 0.4) 25 1.9 (1.3 to 2.8) , 5 21 2.6 (1.7 to 4.0)

Musculoskeletal system 10 0.1 (0.0 to 0.1) , 5 , 5 , 5

Skin 27 0.2 (0.1 to 0.3) 24 1.8 (1.2 to 2.7) 14 2.7 (1.6 to 4.5) 10 1.2 (0.7 to 2.3)

Vaccine-preventable infections, all 8 0.1 (0.0 to 0.1) 19 1.4 (0.9 to 2.2) 16 3.1 (1.9 to 5.0) , 5

NOTE. In cells with , 5, incidence rates ranged from 0.1 to 0.8.
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TABLE A3. Incidence Rates per 1,000 Person-Years with 95% CI of Inpatient Infections Overall and by Pathogen and Organ System of Cancer Survivors.10
Years From Diagnosis and Comparators

Infection Classification

Comparator Subjects
(n 5 22,392)

All Cancer Survivors
(n 5 2,179)

Survivors of Hematologic
Malignancy (n 5 855)

Survivors of
Nonhematologic

Malignancy (n 5 1,324)

Events Rate Events Rate Events Rate Events Rate

Infections, all 454 2.5 (2.3 to 2.8) 141 8.3 (7.0 to 9.7) 62 9.2 (7.2 to 11.8) 79 7.6 (6.1 to 9.5)

Bacterial 138 0.8 (0.6 to 0.9) 49 2.9 (2.2 to 3.8) 21 3.1 (2.0 to 4.8) 28 2.7 (1.9 to 3.9)

Fungal 17 0.1 (0.1 to 0.2) 17 1.0 (0.6 to 1.6) 8 1.2 (0.6 to 2.4) 9 0.9 (0.5 to 1.7)

Viral 57 0.3 (0.2 to 0.4) 6 0.4 (0.2 to 0.8) , 5 , 5

By organ system

Sepsis, any 49 0.3 (0.2 to 0.4) 18 1.1 (0.7 to 1.7) 10 1.5 (0.8 to 2.8) 8 0.8 (0.4 to 1.5)

Nervous system 8 0.0 (0.0 to 0.1) , 5 , 5 , 5

Respiratory system 111 0.6 (0.5 to 0.7) 42 2.5 (1.8 to 3.3) 23 3.4 (2.3 to 5.1) 19 1.8 (1.2 to 2.9)

GI system 126 0.7 (0.6 to 0.8) 14 0.8 (0.5 to 1.4) 10 1.5 (0.8 to 2.8) , 5

Genitourinary system 61 0.3 (0.3 to 0.4) 37 2.2 (1.6 to 3.0) 10 1.5 (0.8 to 2.8) 27 2.6 (1.8 to 3.8)

Musculoskeletal system 11 0.1 (0.0 to 0.1) , 5 0 — , 5

Skin 87 0.5 (0.4 to 0.6) 18 1.1 (0.7 to 1.7) 5 0.7 (0.3 to 1.8) 13 1.3 (0.7 to 2.2)

Vaccine-preventable infections, all 11 0.1 (0.0 to 0.1) 5 0.3 (0.1 to 0.7) , 5 , 5

NOTE. In cells with , 5, incidence rates ranged from 0.1 to 0.6.
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