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Abstract: Socioeconomic deprivation has been linked to detrimental healthcare outcomes. We sought to examine
whether patients with colorectal cancer (CRC) from socioeconomically disadvantaged areas experience worse sur-
vival outcomes and how it interacts with other factors. In this population-based study, patients with CRC diagnosed
between 2007 to 2015 in the SEER program were reviewed. Socioeconomic deprivation was measured using the
Area Deprivation Index (ADI) linked to patients’ residence addresses. The effect of ADI on cancer-specific survival
and overall survival was evaluated using survival analysis. The Inverse Probability of Weighted (IPW) method and
multiple regression was performed to account for the confounding bias. Subgroup analyses were used to test inte-
ractions. Multiple mediation analysis was used to estimate the mediating effects. Overall, 266,620 eligible patients
were included in further analyses. Compared with low ADI patients, high ADI patients had more unfavorable charac-
teristics and worse cancer-specific (hazard ratio [HR] 1.14, 95% Cl 1.12-1.16, P<.001) and overall survival (HR 1.11,
95% ClI 1.09-1.12, P<0.001). The results were similar after accounting for confounding factors using the IPW and
multiple regression methods. Subgroup analyses revealed the relative robustness of ADI as a prognostic factor. They
detected significant interactions between ADI and other covariates on cancer survival, such as age, race, insurance
status, disease stage, and receipt of treatment. Multiple mediation analyses identified several factors mediating
survival disparities, including anticancer therapy, insurance status, race, marital status, and age. This study sug-
gested that high ADI CRC patients were associated with more unfavorable characteristics at presentation and lower
cancer and noncancer survival after treatment than their low ADI counterparts. Multiple factors interacted and
mediated these survival disparities associated with the ADI.
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Introduction

Colorectal cancer (CRC) is the most common
gastrointestinal cancer in the United States,
ranking the third in terms of cancer incidence
and mortality among both sexes [1]. It is esti-
mated that approximately 147,950 new cases
of CRC and 53,200 deaths attributed to this
disease will occur in 2020. Among them,
17,930 cases and 3,640 deaths will be record-
ed in people aged <50 years. Over the past
few decades, significant progresses have been
achieved in the prevention, diagnosis, and tre-

atment of cancer. These improvements, along
with early detection through screening, have
led to a modest reduction in the incidence and
mortality of CRC since 1990s [2, 3].

However, not all patients have benefited equa-
lly from these overall improvements. In many
instances, the impact of advances in oncology
may vary considerably by race/ethnicity, sex, or
age [2, 4-11]. Previous studies have shown that
non-Hispanic white males and the young may
benefit more than their black, female, and elder
counterparts from recent therapeutic advanc-
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es, resulting in lower incidence and mortality of
CRC. Reasons for the disparities in incidence
and mortality are complex and not completely
understood. But they largely reflect differences
in lifestyle risk factors, access to healthcare
driven by socioeconomic status, sex hormones,
and potential complex interaction and modera-
tion among these factors.

Socioeconomic deprivation has been linked to
detrimental healthcare outcomes [12, 13]. The
Area Deprivation Index (ADI), a metrics of socio-
economic deprivation developed by the Health
Resources & Services Administration decades
earlier, has been refined and validated to the
neighborhood level by Kind et al. in 2003 [14].
The ADI can rank neighborhoods by socioeco-
nomic disadvantage comprehensively, involv-
ing factors for the theoretical components of
family income, education attainment, employ-
ment, and quality of housing. The association
between the ADI and health outcomes has
been studied in many diseases, but not yet in
patients with CRC [12, 15-18]. Better under-
standing the relation between socioeconomic
deprivation and cancer outcomes helps inform
health delivery and policy. In the current study,
we used population-based data to examine
whether patients with CRC from socioeconomi-
cally deprived areas experience worse survival
outcomes and how it interacts with other
factors.

Material and methods
Study population

Research data were obtained from the Survei-
llance, Epidemiology, and End Results (SEER)
database. The SEER database provides data
on cancer incidence and survival from cancer
registries, covering around 30% of the Ameri-
can population. This retrospective cohort study
included data for CRC cases diagnosed bet-
ween 2007 and 2015 when the sixth edition of
the American Joint Committee on Cancer (AJCC)
staging system and insurance status were ac-
cessible in the database. The main inclusion
criteria were pathologically confirmed CRC and
available information on age at diagnosis, race
record, marital status, insurance status, area
deprivation index, history of previous malignan-
cies, disease stage, and survival data.
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Area deprivation index and covariates

Data on patient sociodemographic factors,
clinicopathological characteristics, treatment
modality, and survival data were extracted from
the SEER database directly via SEER*Stat soft-
ware (version 8.3.8). The variables of interest
included sex, age at diagnosis, race, marital
status, insurance status, previous malignan-
cies, histological subtypes, disease stage, re-
ceipt of anticancer treatment, and area depri-
vation index (ADI). Receipt of treatment was
defined as receiving any course of surgery,
radiotherapy, or chemotherapy. The ADI we us-
ed was a variation of Singh’s ADI, allowing for
county-level estimation using different iterative
data from the American Community Survey
(ACS) [14, 19]. We applied the get_adi() func-
tion of the “sociome” package to calculate the
ADI of each patient, based on two ACS five-year
estimates (2006 to 2010 and 2011 to 2015)
linked to patient’s five-digit geographic identifi-
ers [20]. Patients were classified as with low
or high ADI based on overall rankings (low:
0-49.9%, high: 50.0%-100%).

Outcomes

The primary outcomes were cancer-specific sur-
vival (CSS) and overall survival (0OS). The CSS
was defined as the interval between the date of
disease diagnosis and death attributed to CRC.
The OS was defined as the interval between the
date of disease diagnosis and death due to any
causes. Patients who were still alive were cen-
sored at the days of the last contact.

Statistical analysis

Distributional differences between groups we-
re examined using the x? test. Time-to-event
data were estimated using the Kaplan-Meier
curves, and differences in survival were com-
pared using the log-rank test. Cox proportional
hazard model was used to examine the rela-
tionship of ADI and survival outcomes. Cova-
riate adjustments were made by multivariate
modeling and Inverse Probability Weighting
(IPW) [21]. We calculated IPWs based on pro-
pensity scores obtained from a logistic regres-
sion model with selected covariates following

the formula of Wy = §+ 1°Z 1ne 7 indicat-

1l-e
es ADI status (Z=0 for low ADI and Z=1 for high
ADI), and the e is the propensity score. The
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CRC cases in SEER Database Diagnosed
between 2007 and 2015 (N=332,583)
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* Unknown age or age <17 (N=70)

* Unknown race (N =2,646)

+ Unknown marital status (N=20,760)

h 4
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.

Unknown insurance status (N=10,000)
*  Unknown ADI (N=450)

« Unknown previous malignancies (N=2)
*  Unknown stage or stage 0 (N=31,974)
* Unknown survival month (N=62)
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Figure 1. Patient selection diagram. Ab-

Effect of ADI on CRC Survival
Survival Analysis/Mediation Analysis

breviations: CRC, colorectal cancer; SEER:
Surveillance, Epidemiology, and End Re-
sults; ADI: Area Deprivation Index.

average effect of ADI on survival was evaluated
with IPWs in a simulative population where the
selected covariates could not be confounded.
Covariate balances before and after the IPW
adjustment were examined using absolute St-
andardized Mean Differences (SMDs). SMDs
are calculated using col_w_smd() function pro-
vided by “cobalt” package as follows: the
numerator is the mean of the treated group
minus the mean of the control group, and the
denominator is a the “pooled” standard devia-
tion (the square root of the mean of the group
variances) [22]. A difference of SMD equal to
zero is an ideal balance. Subgroup analyses
were also done to examine the ADI effect’s
robustness and explore underlying interaction
effects. Finally, to evaluate whether mediation
effects play roles in the survival difference
between low and high ADI patients, multiple
mediation analyses were used to calculate the
direct and indirect effect of ADI on CRC surviv-
al. The general multiple mediation analysis
method that proposed by Yu et al. enables con-
sideration of multiple mediators/confounders
in estimating mediation/confounding effects
[23]. This method was further extended for
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time-to-event data and can be applied to
explore the socioeconomic disparity in cancer
survivals with the “mma” package [24]. Direct
effect is the ADI disparity on cancer-specific
survival that cannot be explained by all the
mediators/confounders included in the model
while the indirect effect the opposite.

Statistical analyses were done with R software
(version 4.1.0). A 2-sided P value of <0.05 was
considered statistically significant.

Results
Patient characteristics

Overall, 332,583 CRC patients diagnosed from
2007 to 2015 at the SEER program were identi-
fied. A total of 266,620 met the study’s eligibil-
ity criteria and were included in further analy-
ses, with 131,980 classified as low ADI patients
and 127,719 classified as high ADI patients
(Figure 1). Of the subjects, 129,430 (48.5%)
were 65 years old or older, 139,551 (52.3%)
were male, and 31,050 (11.7%) were black.
AJCC stages were as follows: 134,862 (50.6%)
were stage I-ll, and 131,758 (49.4%) were sta-
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Table 1. Patient characteristics stratified by ADI

ALL

Low ADI

High ADI

Characteristics (N=266,620) (N=138,901) (N=127,719) P value

Age (year) <0.001
<65 137190 (51.5) 69477 (50.0) 67713 (53.0)
>65 129430 (48.5) 69424 (50.0) 60006 (47.0)

Sex <0.001
Female 127069 (47.7) 67072 (48.3) 59997 (47.0)

Male 139551 (52.3) 71829 (51.7) 67722 (53.0)

Race <0.001
Black 31090 (11.7) 10266 (7.39) 20824 (16.3)

White 212971 (79.9) 113511 (81.7) 99460 (77.9)
Others 22559 (8.46) 15124 (10.9) 7435 (5.8)

Marital status <0.001
Married 147025 (55.1) 78333 (56.4) 68692 (53.8)

Unmarried or unpartnered 119595 (44.9) 60568 (43.6) 59027 (46.2)

Insurance status <0.001
Insured 225377 (84.5) 122380 (88.1) 102997 (80.6)

Medicaid 32858 (12.3) 13310 (9.6) 19548 (15.3)
Uninsured 8385 (3.1) 3211 (2.3) 5174 (4.1)

Previous malignancies <0.001
No 216622 (81.2) 112175 (80.8) 104447 (81.8)

Yes 49998 (18.8) 26726 (19.2) 23272 (18.2)

Histology 0.237
Adenocarcinoma 236285 (88.6) 123000 (88.6) 113285 (88.7)

Others 30335 (11.4) 15901 (11.4) 14434 (11.3)

AJCC stage 0.404
-1 134862 (50.6) 70151 (50.5) 64711 (50.7)

-v 131758 (49.4) 68750 (49.5) 63008 (49.3)

Receipt of treatment <0.001
Yes 249041 (93.4) 130216 (93.7) 118825 (93.0)

No 17579 (6.6) 8685 (6.3) 8894 (7.0)

Surgery <0.001
Yes 227363 (85.3%) 118789 (85.5%) 108574 (85.0%)
No/unknown 39257 (14.7%) 20112 (14.5%) 19145 (15.0%)

Radiation 0.256
Yes 38377 (14.4%) 19890 (14.3%) 18487 (14.5%)
No/unknown 228243 (85.6%) 119011 (85.7%) 109232 (85.5%)

Chemotherapy 0.008
Yes 107081 (40.2%) 56121 (40.4%) 50960 (39.9%)
No/Unknown 159539 (59.8%) 82780 (59.6%) 76759 (60.1%)

Abbreviation: ADI, Area Deprivation Index; AJCC, American joint Committee on cancer.

ge llI-IV. A total of 249,041 patients (93.4%)
had received some form of anticancer treat-
ment, 227,363 patients (85.3%) underwent sur-
gery, 107,081 patients (40.2%) received che-
motherapy, and 38,377 patients (14.4%) recei-
ved radiotherapy. Comparison of patient char-
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acteristics between low and high ADI groups is
summarized in Table 1. High ADI patients were
significantly associated with older age, male
seX, black race, and no treatment. Low AID pa-
tients were likely to be married, insured, and
without a history of previous malignancies.
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Figure 2. Crude Kaplan-Meier survival curves stratified by ADI for cancer-specific survival (A) and overall survival (B);
IPW-adjusted Kaplan-Meier survival curves stratified by ADI for cancer-specific survival (C) and overall survival (D).
Abbreviations: ADI: Area Deprivation Index; IPW: Inverse Probability of Weighting.

Association of ADI and survival outcomes

Median follow-up in the current study was 65
months for low ADI patients and 64 months for
high ADI patients, showing no significant differ-
ence. At the last follow-up, 62,170 death events
(44.8%) were recorded in low ADI patients and
60,751 (47.6%) in high ADI patients. There were
33,735 (24.3%) and 34,110 (26.7%) deaths
attributed to the CRC in low and high ADI pa-
tients, respectively. The Kaplan-Meier survival
curves of CSS and OS for low and high ADI
patients are shown in Figure 2. In crude Kaplan-
Meier analysis, low ADI patients showed higher
CSS rates than that of high ADI patients (8-year
CSS: 67.0% [95% ClI, 66.6-67.3] vs 63.5% [95%
Cl, 63.2-63.9]; Crude HR 1.14, 95% Cl 1.12-
1.16; P<0.001; Figure 2A). In terms of OS, low
ADI patients showed higher OS rates than that
of high ADI patients (8-year 0S: 44.1% [95% Cl,
43.8-44.4] vs 40.7% [95% ClI, 40.3-41.0]; Cru-
de HR 1.11, 95% Cl 1.09-1.12; P<0.001; Figure
2B). We further applied IPW to adjust the poten-
tial confounding. Excellent balances between
the two ADI groups were achieved regarding all
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covariates following IPW procedures (Figure 3).
IPW-adjusted Kaplan-Meier analyses also dem-
onstrated a significantly better CSS rate (8-year
CSS: 66.2% [95% Cl, 65.8-66.5] vs 64.2%
[95% Cl, 63.8-64.6]; IPW-adjusted HR: 1.08
[95% CI 1.06-1.09], P<0.001; Figure 2C) and
OS rate (8-year CSS: 43.7% [95% Cl, 43.3-44.0]
vs 41.0% [95% Cl, 40.7-41.4]; IPW-adjusted HR:
1.08 [95% CI 1.06-1.09], P<0.001; Figure 2D)
for low ADI patients than high ADI patients.
Subsequent multivariable analyses indicated
that ADI was an independent prognostic factor
for CSS (adjusted HR: 1.09, 95% CI 1.08-1.11;
P<0.001) and OS (adjusted HR: 1.07, 95% ClI
1.06-1.09; P<0.001) after covariable adjust-
ment.

Subgroup analyses

Subgroup analyses for the association between
ADI and CSS are summarized in a forest plot
(Figure 4). The results showed the relative ro-
bustness of ADI as a prognostic factor in differ-
ent patient subsets. Patients in the high ADI
group had a significantly greater risk of cancer-
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Figure 3. The covariate balances between the low and high ADI groups in patients with colorectal cancer are evalu-
ated by the SMDs. SMDs are calculated as follows: the numerator is the mean of the treated group minus the mean
of the control group, and the denominator is the “pooled” standard deviation (the square root of the mean of the
group variances). A difference of SMD equal to zero is an ideal balance. The blue dots are SMDs for each variable
before using the IPW adjustment. The red dots are SMDs for each variable after using IPW adjustment. Abbrevia-
tions: ADI: Area Deprivation Index; SMD: standardized mean difference; IPW: Inverse Probability of Weighting.

specific mortality than patients in the low ADI
group, except for black, uninsured, and untreat-
ed. Significant interaction effects between ADI
and other covariates on CRC survival were
detected, such as age, race, insurance status,
disease stage, and receipt of treatment. The
effect of ADI on CSS was more profound in
those who were aged <65 years, non-black,
insured, with early-stage disease, and with anti-
cancer treatment.

834

Multiple mediation analysis

The estimated direct and indirect effects that
contribute to the CSS disparities between low
and high ADI patients were calculated using
multiple mediation analyses. The results were
visualized using a bar plot with confidence
intervals (Figure 5). Multiple mediation analy-
ses showed that the estimated direct effect
that mediating factors cannot explain is 54.7%
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Figure 4. Results for the subgroup analyses for cancer-specific survival are summarized in a forest plot.
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Figure 5. The estimation of direct and indirect effects contributing to the
disparities associated with the ADI on cancer-specific survival in patients
with colorectal cancer. Direct effect is the ADI disparity on cancer-specific

survival that cannot be explained
by all the mediators/confounders
included in the model while the
indirect effect is the opposite. Ab-
breviations: ADI: Area Deprivation
Index.

(95% Cl 46.6 to 63.5%). The
percentage of indirect effect
was 45.3% (95% Cl 36.5 to
53.4%). Significant mediating
factors contributed to the in-
creased CRC mortality among
high ADI patients, including
receipt of anticancer treat-
ment (26.3%), insurance sta-
tus (16.5%), race (10.3%), ma-
rital status (5.3%), and age
(-7.3%).

Discussion

To the best of our knowledge,
the current study is the first
study to investigate the rela-
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tionship between ADI and survival outcomes
and its potential interactions with other factors
in patients with CRC. In this population-based
study involving more than 260,000 subjects,
patients were uniformly staged by the 6" AJCC
stage. High ADI patients were associated with
older age, male sex, and black race. Low ADI
patients were more likely to be married and
insured, and received anticancer treatment.
High ADI patients had lower rates of CSS and
0S, even after adjusting for multiple factors.
These results were consistently observed for
most of patient subgroups, except for black,
uninsured, and untreated people. Notably, sev-
eral factors mediated these survival dispari-
ties associated with the ADI, including antican-
cer treatment, insurance status, race, marital
status, and age, accounting for approximately
45% of the overall effect.

The association between individual socioeco-
nomic status and survival outcomes has been
well-documented in patients with CRC [2, 4-11].
Unlike individual-level socioeconomic status,
socioeconomic deprivation is a comprehensive
metric that reflects neighborhood-disadvan-
tage in a region of interest, involving multiple
aspects of income, education, employment,
housing quality, and poverty measures [14].
Previous studies of cancer registries data sug-
gested that cancer patients living in socioeco-
nomically disadvantaged areas have limited
access to healthcare resources, resulting in
more advanced disease at diagnosis and wor-
se cancer outcomes [2, 25, 26]. Notably, neigh-
borhood disadvantage can affect health inde-
pendently of individual socioeconomic status.
Poor people who live in highly disadvantaged
communities may have worse health outcomes
than poor people who live in wealthier commu-
nities [27, 28].

In this study, high ADI was linked to worse
cancer and noncancer survival, even though
accounting for demographic, clinicopathologi-
cal, individual socioeconomic status, and treat-
ment factors. Our findings were in line with a
previous study that examined the relationship
between area-level socioeconomic deprivation
and cancer survival outcomes in patients treat-
ed in clinical trials [12]. The study suggested
that even though in cancer patients with equal
opportunity to protocol-guided care participat-
ing in clinical trials, those from the most socio-
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economically disadvantaged areas were asso-
ciated with worse survival outcomes. The dis-
parities were consistently observed after ade-
quate covariate adjustment. Their findings sug-
gested that equal access to high-quality health-
care, as represented by in the clinical trial
setting, is insufficient of eliminating discrepan-
cies associated with socioeconomic depriva-
tion. They concluded that healthcare policies
aiming at reducing socioeconomic disparities
in outcomes should emphasize access to can-
cer care resources beyond initial treatment.

Better understanding disparities caused by so-
cioeconomic deprivation provide valuable infor-
mation on whether policies to enhance health
delivery and cancer outcomes should address
not just individuals but also neighborhoods.
Our findings may offer some meaningful policy
implications for patients with CRC. Health inter-
ventions and policies that ignore neighborhood
disadvantage may be ineffectual or offer only
limited benefit [13]. ADI can provide valuable
information to inform risk adjustment strate-
gies, payment reform, infrastructure targeting,
and program eligibility [14]. Policymakers and
payers need to take socioeconomic deprivation
into account when making healthcare strate-
gies.

There are some limitations in the current study.
Although the study has accounted for many
confounding factors in analyses. The SEER
database did not capture some essential vari-
ables, such as individual income and education
level, lifestyle risk factors (e.g., obesity, smok-
ing, and alcohol consumption), concomitant
diseases, targeted therapy, and supportive
care administered during and after therapy.
The potential moderation and interaction bet-
ween ADI and these factors should be consid-
ered. The missing of these factors in the adjust-
ment may overestimate the effect of ADI on
CRC survival. Additionally, our findings were de-
rived from the cancer population recorded in
the SEER cancer registries. Whether the results
could be generalizable to other groups out-
side the SEER registries warrants further in-
vestigation.

Conclusion

This study suggested that high ADI CRC pa-
tients were associated with more unfavorable
characteristics at presentation and lower can-
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cer and noncancer survival after treatment
than their low ADI counterparts. Several fac-
tors mediated these survival disparities related
to the ADI, including individual socioeconomic
and treatment factors. Policymakers and pay-
ers need to take socioeconomic deprivation
into account to maximize the efficiency and
potency of healthcare strategies.
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