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Abstract

Background: This retrospective study harnessed an institutional cancer registry to construct a childhood cancer survivorship

cohort, integrate electronic health record (EHR) and geospatial data to risk stratify patients for serious adverse health outcomes,

analyze follow-up care patterns, and determine factors associated with suboptimal follow-up care. Procedure: The survivorship

cohort included patients [?]18 years of age with a diagnosis of a malignancy reported to the institutional cancer registry between

January 1, 1994 and November 30, 2012. ICD-O-3 coding and treatment exposures facilitated risk stratification of survivors. All

follow-up visits were extracted from the EHR through linkage to the cancer registry based on medical record number (MRN).

Results: Eight-hundred-and-sixty-five survivors were included in the final analytic cohort, of whom 191, 496, and 158 were

considered low, intermediate, and high risk survivors, respectively. Two-hundred-and-eight-two survivors (32.6%) were not seen

in any oncology-related subspecialty clinic at Duke five to seven years after initial diagnosis. Factors associated with a clinic

visit included younger age (p=0.008), acute lymphoblastic leukemia (ALL) as the primary diagnosis (p<0.001), race/ethnicity

(p=0.010), risk strata (p=0.001), distance to treatment center (p<0.0001), and lower ADI (p=0.011). Multivariable logistic

modeling with adjustment for diagnosis of ALL, gender, age at diagnosis, and race/ethnicity attenuated the association between

follow-up care and risk strata (p=0.17) Conclusions: Nearly a third of survivors received suboptimal follow-up care. This study

provides a reproducible model to integrate cancer registry and EHR data to construct risk-stratified survivorship cohorts to

assess follow-up care.
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ABSTRACT

Background: This retrospective study harnessed an institutional cancer registry to construct a childhood
cancer survivorship cohort, integrate electronic health record (EHR) and geospatial data to risk stratify pa-
tients for serious adverse health outcomes, analyze follow-up care patterns, and determine factors associated
with suboptimal follow-up care.

Procedure: The survivorship cohort included patients [?]18 years of age with a diagnosis of a malignancy
reported to the institutional cancer registry between January 1, 1994 and November 30, 2012. ICD-O-3
coding and treatment exposures facilitated risk stratification of survivors. All follow-up visits were extracted
from the EHR through linkage to the cancer registry based on medical record number (MRN).

Results: Eight-hundred-and-sixty-five survivors were included in the final analytic cohort, of whom 191, 496,
and 158 were considered low, intermediate, and high risk survivors, respectively. Two-hundred-and-eight-two
survivors (32.6%) were not seen in any oncology-related subspecialty clinic at Duke five to seven years after
initial diagnosis. Factors associated with a clinic visit included younger age (p=0.008), acute lymphoblastic
leukemia (ALL) as the primary diagnosis (p<0.001), race/ethnicity (p=0.010), risk strata (p=0.001), distance
to treatment center (p<0.0001), and lower ADI (p=0.011). Multivariable logistic modeling with adjustment
for diagnosis of ALL, gender, age at diagnosis, and race/ethnicity attenuated the association between follow-
up care and risk strata (p=0.17)

Conclusions: Nearly a third of survivors received suboptimal follow-up care. This study provides a repro-
ducible model to integrate cancer registry and EHR data to construct risk-stratified survivorship cohorts to
assess follow-up care.
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. 1 | INTRODUCTION

Remarkable progress in the overall survival of children with cancer over the past several decades emphasizes
the importance of long-term follow-up care for survivors.1 Indeed, the late effects of treatment, from sec-
ondary malignancies to cardiovascular disease, affect every major organ system and demonstrate significant
heterogeneity in incidence based on underlying malignancy and specific exposures.2 Clinical guidelines offer a
framework for disease surveillance after cancer treatment, yet lack of follow-up is a significant barrier to early
detection of late effects. The electronic health record (EHR) sparks unique approaches to construct, main-
tain, and leverage childhood cancer survivorship cohorts to optimize health care delivery and as a platform
for survivorship research. Ascertainment of treatment exposures aids in risk stratification and identification
of survivors lost to follow-up.

Risk stratification of patients to determine appropriate levels of follow-up care, both for the coordination
with primary care providers as well as the identification of high-risk survivors who would benefit from
regular subspecialist visits, facilitates judicious use of health care resources to optimize patient outcomes.3

In the United Kingdom, different levels of follow-up care were proposed based on treatment exposures4 were
later validated to ensure appropriate capture of adverse effects.5 The British Childhood Cancer Survivor
Study (BCCSS) further refined the risk stratification through the integration of underlying malignancy.6

The introduction of novel targeted agents and immunotherapy underscores the need for an adaptable system
to incorporate new risks for late effects from treatment. Albeit an emerging field, there are associated
cardiac,7renal,8 and endocrinologic9 adverse effects during and shortly after treatment with these therapeutic
agents.10 In the coming years, new late effects from these modalities will likely impact the care of adult
survivors of childhood cancer.

As knowledge of late effects risk improves, guideline recommendations offer a framework for disease surveil-
lance in order to mitigate further complications. The Children’s Oncology Group (COG) regularly updates
long-term follow-up guidelines based on treatment exposure, including radiation, surgery, immunotherapy,
and each specific chemotherapeutic agent.11 Furthermore, international efforts to harmonize different rec-
ommendations across the globe provide another layer for evidence-based survivorship care.12 Over the past
decade, published recommendations for cardiomyopathy,13 breast cancer,14fertility,15,16, thyroid cancer,17and
ototoxicity18 address major challenges for survivors and inform delivery of appropriate care for early detec-
tion of these late effects. Large, multi-institutional longitudinal studies, such as the Childhood Cancer Sur-
vivorship Study (CCSS),19offer a wealth of data to inform validated risk prediction models for acute ovarian
failure,20thyroid cancer,21 and cardiovascular outcomes.22,23 Translation and implementation of these recom-
mendations and models into clinical practice, on an individual patient and population health level, represent
a tremendous opportunity to optimize health outcomes in the digital age.

Long-term follow-up care of survivors enhances patient education and early detection of late effects.24 Pre-
dictors of suboptimal follow-up, such as age, insurance status, and race/ethnicity, help identity at-risk
populations.25 Studies of adult cancer patients from rural areas reveal significant disparities with regards to
overall mortality26-28 and financial toxicity29; however, there is a paucity of data for survivors of childhood
cancer. During active treatment, distance to the cancer center is a considerable barrier,30,31especially for
adolescents and young adults.32 For high-risk survivors, distance to a comprehensive cancer center may also
influence their likelihood of receiving appropriate follow-up care.

The primary aim of this study was to harness an institutional cancer registry, which follows the standards of
and reports to the National Cancer Database (NCDB),33 to construct a childhood cancer survivorship cohort,
integrate EHR and geospatial data to analyze follow-up care patterns, and determine factors associated with
inadequate follow-up care. Risk stratification of survivors provides an additional lens to prioritize survivors
at risk for inadequate follow-up care.

2 | METHODS

| Cancer registry and patient information

3
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. Construction of this single institution childhood cancer survivorship cohort was based on cancer registry
data and integration of EHR data elements linked by the medical record number (MRN). As part of the
accreditation by the American College of Surgeons Commission on Cancer, centers are required to report
all newly diagnosed cases to the NCDB.33 Centers are also required to report cases to respective state
registries regardless of their accreditation status. Inclusion criteria for the construction of this childhood
cancer survivorship cohort (Figure 1) included patients [?]18 years of age with a diagnosis of a malignancy
reported to the cancer registry. The cohort was limited to patients seen in the pediatric oncology (PHO) or
neuro-oncology (PNO) clinics between January 1, 1994 and November 30, 2012 in order to ensure a seven
year follow-up period for all survivors. Patients who died or had a documented relapse during the seven year
follow-up window after date of diagnosis were excluded. In order to exclude referrals for refractory or relapsed
cases that were not diagnosed and treated at this institution, only analytic cases were included. Analytic
cases are defined by the Facility Oncology Registry Data Standards (FORDS) Manual as cases diagnosed at
and/or received all or part of the first course of treatment at the reporting facility (Duke University Medical
Center).

| Disease classification

Cancer diagnoses were grouped according to the International Classification of Childhood Cancer, third
revision (ICCC-3),34 by using the International Classification of Diseases for Oncology, third revision (ICD-
O-3), as reported in the cancer registry (Table 1). The ICD-O-3 codes were then used to further classify
diagnoses and group patients into malignancy categories outlined by the BCCSS.6 Additionally, for brain
tumor patients, ICD-O-3 topography for central nervous system (CNS) locations were used to mitigate
misclassification based on primary pathologic diagnosis (i.e. intracranial mixed germ cell tumors).

| Risk stratification

The cancer registry captures the first course of treatment based on chart review by a certified cancer regis-
trar in accordance with the FORDS Manual.35 Exposures are reported as dichotomous (Yes/No) for surgery,
diagnostic biopsy, radiation, chemotherapy, hormonal therapy, immunotherapy, other, palliative, and trans-
plant. Based on these exposures and the primary diagnosis classification, risk strata were constructed from
the BCCSS system (Table 1).6

| Follow-up definitions

The institutional cancer registry provided the base cohort for all childhood cancer diagnoses. These registry
data were merged, using MRN and a durable key unique patient identifier, with EHR data through the
Duke Enterprise Data Unified Content Explorer (DEDUCE) to extract all visits in the PHO and PNO clinic
encounters to identify eligible patients. To determine appropriate follow-up, all visits in the PBMT clinic
and the Duke Cancer Institute were also extracted. Inadequate follow-up was defined as a survivor not being
seen during the five to seven year window after the date of initial diagnosis.

| Spatial Variables

DEDUCE was also used to export the longitude and latitude coordinates of the home address, zip code,
and the census block group Federal Information Processing Standards (FIPS) code for each survivor. Using
ArcGIS 10.5.1 (ESRI, Redlands, CA), we calculated the Euclidean (straight line) distance from the address of
each survivor to the nearest COG-affiliate site36 in North Carolina (NC), South Carolina (SC), and Virginia
(VA). Analysis was limited to survivors whose coordinates were in NC, SC, and VA. Additionally, using spatial
point-in-polygon joining operations, we identified the zip code-level Rural-Urban Commuting Area (RUCA)
codes and the block group-level Area-Deprivation Index (ADI) for each survivor. RUCA is a categorical
classification for rural vs urban areas that takes into account population density and distance to nearest
urban centers. ADI is an indexed composite of seventeen variables related to social determinants of health
from the United States Census and American Community Survey that captures socioeconomic disadvantage
at the census block group level.37,38 A high ADI percentile, which represents greater disadvantage, has been
shown to correlate with a number of adverse health outcomes.39,40
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. | Statistical analyses

Patients were grouped according to whether or not they were seen in a Duke Cancer Clinic five to seven
years after initial date of diagnosis. Patient characteristics were compared between those that were seen in
this window versus those that were not seen. Using the Cancer Registry, we utilized the last known date
of contact to ensure that patients survived through the five to seven year window after their initial date
of diagnosis before including them for analysis. Continuous variables are presented as medians (standard
deviations), and differences were compared using the t-test. Categorical variables are presented as counts
(proportions). Differences were compared using the χ2test. For all analyses, risk strata were categorized as
a three level categorical variable (low, intermediate, and high risk).

Logistic regression was used to estimate the association between follow-up and risk stratification both in
bivariate analyses and after adjusting for known covariates including ALL indicator, gender, age at diagnosis,
race, and indicator of local state of residence. Local state of residence was defined as residing in NC, SC or
VA to minimize potential confounding associations between risk strata, distance from medical center, and
follow-up care. Because our primary variable of interest consisted of three levels (i.e. risk stratification), we
utilized a multiple degree of freedom lack of fit test to compare a baseline model where risk stratification
was excluded and separately, a model where it was included.

Subsequent models that included risk stratification and an indicator of local state of residence were used to
determine if that association varied by a broad geographic indicator. Bonferroni adjustments were made for
multiple comparisons. Only patients with complete data for all covariates were included for each analysis,
and effective sample sizes are included for all tables and figures. In reviewing the correlation among all
predictors in our models, we found no evidence that suggested multicollinearity might be an issue. All
statistical analyses were conducted R version 3.6.1.

| RESULTS

3.1 | Cancer Registry and Childhood Cancer Survivorship Cohort Construction

A total of 3,117 patients less than or equal to eighteen years of age at diagnosis were captured by the
institutional cancer registry between January 1, 1994 and November 30, 2012. Of these patients, 2,206 were
considered analytic cases in the cancer registry and included in our analysis. Based on ICCC-3 coding, 1312
were pediatric oncology patients and 894 were pediatric neuro-oncology patients, of whom 871 and 546 were
seen in PHO or PNO clinic during their estimated on treatment window, respectively. For patients not seen
in either clinic, a manual chart review of a 10% random sample of patients revealed that nearly all patients
were either referred for transplant (hematopoietic stem cell or solid organ) after receipt of initial therapy at
an outside institution or they were treated exclusively by another department (i.e. dermatology, gynecology-
oncology, medical oncology or surgical oncology). For the PNO cohort, 274 patients died with or without
documented relapse (30.6%) and ninety-seven (10.9%) had disease recurrence without documented death
during the seven-year follow-up period, for a total of 275 PNO event-free survivors. For the PHO cohort,
312 patients died with or without documented relapse (23.4%) and 172 (13.1%) had disease recurrence
without documented death during the seven-year follow-up period, for a total 590 PHO event-free survivors
included in the analytic cohort (Figure 1).

3.2 | Disease Classifications and Risk Stratification

ICD-O-3 codes and ICCC-3 were used to further group patients to align with the BCCSS. In the final analytic
survivorship cohort, there were 225 patients with leukemia, 275 with CNS tumors, and 365 patients with
extracranial solid tumor or lymphoma. Based on the BCCSS risk stratification system,6 there were 191, 496,
and 158 low, intermediate, and high risk survivors, respectively.

3.4 | Follow-up Care Analysis

Of the 865 survivors included in the final analytic cohort, 282 (32.6%) were not seen in any oncology-related
subspecialty clinic (PHO, PNO, PBMT, Medical Oncology) five to seven years after the initial diagnosis.

5
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. Factors associated with follow-up included risk strata (0.001), age (p=0.008), primary diagnosis (p<0.001),
and race/ethnicity (p=0.010). Risk strata was the primary association of interest for this analysis. Low
risk patients yielded the highest follow-up with 78% of patients, followed by high risk patients at 70%, and
intermediate risk patients at 63%. To include spatial data elements, we restricted analysis to survivors within
NC, SC, and VA (n=787). Similar associations with follow-up patterns were observed as well as lower ADI
national percentile (p=0.011) and distance to primary treatment site (p<0.0001), though not distance to a
COG-affiliated site (p=0.729) (Table 2). Manual chart review of a 10% randomized sample of patients lost
to follow-up from each risk strata (n=37) revealed that most patients were instructed to follow-up; however
there was no additional follow-up documented in EHR. One low risk, four intermediate risk, and no high
risk patients had documentation of care transferred to another institution.

We first built a logistic model to test the unadjusted association between risk stratification and appropriate
follow-up care through a likelihood ratio test (LRT). There was strong evidence (p<0.001) that there was
an association between risk stratification and follow-up care (Table 3). Pairwise comparisons showed that
the odds of receiving follow-up in the five to seven year window after initial diagnosis in the intermediate
risk strata was half the odds of receiving follow-up in the low risk strata (OR 0.482; CI 0.3, 0.774, p<0.001).
However, there is insufficient evidence to suggest the odds of follow-up is different in pairwise comparisons
between high and intermediate risk and high and low risk survivors (p=0.41 and p=0.23, respectively).
We then built a multiple logistic regression model adjusted for diagnosis of ALL, gender, age at diagnosis,
race/ethnicity as potential confounders. This attenuated the observed association and, after controlling for
potential confounding, there was insufficient evidence to suggest there is an association between risk strata
and follow-up care (p=0.17) (Table 4).

To test the hypothesis that risk strata may have a different effect if the patient is closer to the primary
treatment center (i.e. Duke), we created a model that included the interaction between local residence and
risk strata and used a lack of fit test to look for evidence that living in NC, SC or VA modified the effect
of risk strata. There was insufficient evidence (p=0.14) to suggest that “local” patients modified the risk
strata effect on likelihood to follow-up in the five to seven year window. For the survivorship cohort limited
to NC, SC, and VA, we then constructed a multiple logistic regression model to adjust for ALL, gender, age
at diagnosis, race/ethnicity as well as ADI, distance to primary treatment center, distance to COG-affiliated
site, and RUCA. This yielded similar results with attenuation of the initially observed associated between
follow-up care and risk strata, thus there was insufficient evidence to suggest an association between risk
strata and follow-up care in the five to seven year window after the initial diagnosis (p=0.11) (Table 4).

4 | DISCUSSION

Nearly a third of survivors were not seen in a subspecialty clinic five to seven years after their initial
diagnosis and there was insufficient evidence to support an association between risk strata for serious adverse
health outcomes and likelihood of follow-up. This retrospective cohort study of survivors demonstrates the
feasibility and utility of cancer registry data to construct a single-institution childhood cancer survivorship
cohort. Furthermore, the integration of EHR and spatial data to expand analysis to include outcomes
beyond mortality and disease recurrence, such as appropriate follow-up care, holds great promise to serve as
a platform to enhance clinical oncology research with real-world data. The similar proportions of survivors
seen in a subspecialty clinic between five and seven years, regardless of their risk stratification, is striking.
Both the high proportion of patients not seen in clinic and the implementation of a validated risk-stratification
system for survivors highlight the need for improved systems to enhance retention of patients for follow-up
care.

While literature to support the benefits of long-term follow-up for survivors is abundant2,24,41 and guidelines
inform clinicians on surveillance of late effect,11 a uniform definition of “appropriate” follow-up and “lost to”
follow-up remains elusive. One limitation with the measurement of the primary “lost to follow-up” outcome
variable in our cohort is whether or not patients seen in clinic were truly lost to follow-up or if they had
moved or transferred care to another tertiary care center. On manual review of a random sample of thirty-
seven patients lost to follow-up revealed only five had documentation of transfer to another institution. A
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. CCSS analysis of 6,176 survivors showed approximately 40.3% self-reported survivor-focused care within the
preceding two years at the baseline questionnaire, which then declined to 30.2% within at the most recent
follow-up questionnaire.42 This markedly differs from the findings in our cohort with 67% of survivors with
a subspecialty clinic visit between five and seven years after the initial date of diagnosis. The difference
in these results may be due to a longer length of time since initial diagnosis at the time of the baseline
questionnaire, with a mean of 17.5 years from diagnosis,43 and the exclusion of survivors <18 years in the
CCSS compared to our cohort. Other single-institution25 and regional44studies for predictors of follow-up
care reported higher rates of follow-up for younger patients and leukemia survivors, similar to our cohort,
though definitions of appropriate follow-up were not uniform.

The opportunity to implement findings from larger cohort studies, such as the risk stratification system
developed by the BCCSS,4-6,45 helps to frame the concept of “appropriate” follow-up care. The heterogeneity
of survivors, based on their primary diagnosis and treatment exposures, merits careful consideration clinically
on an individual level as well as a health systems level to optimize the follow-up care for this diverse
population. Risk-adapted long-term follow-up care from recent European guidelines3 and the role of onco-
primary care to facilitate transition of care for low, and potentially intermediate, risk survivors to primary
care providers through the use of survivorship care plans offers a strategy to improve care. Indeed, the initial
association between low risk survivors and increased likelihood of follow-up was attenuated by adjustment
for primary diagnosis of ALL. Prioritization of efforts to target high risk survivors to re-engage them in
subspecialty survivorship care is essential.

Routine follow-up in a survivorship clinic serves as an initial step; however, refinement of therapy-related
exposures and ascertainment of adherence to guideline recommendations is critical to ensure timely delivery
of appropriate care. Dichotomous exposures for chemotherapy, radiation, and surgery may lead to misclassi-
fication of patients into lower risk strata, despite receipt of high doses of chemotherapy known to significantly
increase risk for late effects (i.e. cumulative anthracycline exposure and risks for cardiotoxicity).46 Over the
past twenty years, significant progress in the risk prediction of late effects based on cumulative doses of
specific chemotherapy agents and radiation20-23 calls for the inclusion of more granular exposure data to
further sharpen risk stratification models. Successful de-escalation of therapy in the last several decades
with sustained improvement in survival, such as leukemia and lymphoma,47 the observed reduction in the
burden of late effects based on decade of treatment48, and the emergence of novel agents with unknown late
effects7,8necessitate an adaptable system to incorporate more than simply dichotomous treatment exposures
for risk stratification.

Potential disparities in appropriate follow-up care were identified in this analysis by race/ethnicity and
SES. Specifically survivors who identified as black or Hispanic, were from locations with a higher area
deprivation index, were of older age or lived further away from the primary treatment center or COG-affiliated
site were less likely to receive follow-up care five to seven years after the initial diagnosis. Multivariable
analyses were not executed for these associations, as the primary predictor focused on risk stratification,
thus interpretation of these observed associations must be made with caution. Furthermore, the complex
interactions of race/ethnicity and SES in general,49,50 and in childhood cancer survivorship research,51

are often difficult to disentangle. The development of potential interventions to reengage at-risk patients
through an integrated implementation science and community-based participatory research approach could
help ensure health equity for all survivors.

Future applications for biomedical informatics tools, such as the integration of cancer registry and EHR data,
include extraction of cumulative chemotherapy exposures from the EHR as well as discrete data elements
to assess adherence to guideline recommendations based on specific treatment exposures. Validation of new
risk stratification models based on more granular data with large cohorts, such as the CCSS, may help
bolster new models of care. Single-institution cohorts, particularly with lack of sufficient follow-up time
since the widespread adoption of the modern EHR, may display limited power to detect rare events, yet may
be sufficiently versatile to translate research through an implementation science approach. Furthermore,
collaboration with other institutions within the NCDB with uniform cancer registry data and similar EHR

7



P
os

te
d

on
A

u
th

or
ea

29
O

ct
20

20
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

39
67

45
.5

89
90

06
8/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. platforms is feasible to maximize the impact of real-world data. The Cancer Moonshot prioritized the creation
of innovative oncology data-sharing, the reduction of health disparities, and the identification of health-care
delivery models to optimize care for survivors.52 The National Cancer Institute also recently launched the
Childhood Cancer Data Initiative to foster collaboration between researchers and build an infrastructure
to integrate data from multiple sources.53 This study provides a reproducible model to integrate cancer
registry and EHR data to construct risk-adapted survivorship cohorts to assess follow-up care and aligns
with national efforts to apply biomedical informatics methods to revolutionize clinical research and improve
survivorship care.
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LEGENDS

FIGURE 1. Construction of final analytic childhood cancer survivorship cohort based on inclusion and
exclusion criteria from cancer registry data for patients diagnosed between January 1, 1994 and November
30, 2012.
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Childhood Cancer Survivorship Cohort Construction 

Patients Assessed for Eligibility in 
the Duke Cancer Registry (n=5,813) 

Excluded  (n= 3,607) 

 Patients diagnosed after November 
30, 2012 

 Non-analytic cases 
 

Pediatric Oncology Survivorship Patients 
(n=590) 

Pediatric Oncology Patients (n=1,312) 

Pediatric Neuro-Oncology Survivorship 
Patients (n=275) 

Pediatric Neuro-Oncology Patients (n=894) 
Diagnoses based 

on ICD-O-3 and 
ICCC-3 

Met Cohort Eligibility Criteria (n=2,206) 

Excluded  (n= 722) 

 Not seen in PHO Clinic 
 Death (with or without relapse) <7 Years (n=312) 

 Relapse < 7 Years (n=172) 

Excluded  (n= 619) 

 Not seen in PNO Clinic 

 Death (with or without 
relapse) <7 Years (n=274) 

 Relapse < 7 Years (n=97) 
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