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Abstract

Background: Neighborhood socioeconomic deprivation is associated with adverse health
outcomes. We sought to determine if neighborhood socioeconomic deprivation was associated
with adherence to immunosuppressive medications after liver transplantation.

Methods: We conducted a secondary analysis of a multicenter, prospective cohort of children
enrolled in the Medication Adherence in children who had a Liver Transplant study (enroliment
2010-2013). Participants (N=271) received a liver transplant =1 year prior to enrollment and were
subsequently treated with tacrolimus. The primary exposure, connected to geocoded participant
home addresses, was a neighborhood socioeconomic deprivation index (range 0-1, higher
indicates more deprivation). The primary outcome was the Medication Level Variability Index
(MLV1), a surrogate measure of adherence to immunosuppression in pediatric liver transplant
recipients. Higher MVLI indicates worse adherence behavior; values >2.5 are predictive of late
allograft rejection.

Findings: There was a 5% increase in MLV for each 0.1 increase in deprivation index (95%Cl:
-1%, 11%, p=0.08). Roughly 24% of participants from the most deprived quartile had an MLVI
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>2.5 compared to 12% in the remaining 3 quartiles (p=0.018). Black children were more likely to
have high MLV even after adjusting for deprivation (AOR 4.0 95%CI: 1.7, 10.6).

Conclusions: This is the first study to evaluate associations between neighborhood
socioeconomic deprivation and an objective surrogate measure of medication adherence in
children posttransplant. These findings suggest that neighborhood context may be an important
consideration when assessing adherence. Differential rates of medication adherence may partly
explain links between neighborhood factors and adverse health outcomes following pediatric liver
transplantation.

BACKGROUND

Neighborhood environment, including neighborhood socioeconomic deprivation, is
associated with adverse health outcomes across multiple diseases.2=3 These links have
informed changes to clinical practice by reorienting care toward community-focused, equity-
driven interventions.*=® The Chronic Care Model frames community as essential to self-
management.”~2 While individual measures of psychosocial stress are associated with
reduced medication adherence,10-15 the impact of neighborhood socioeconomic deprivation
on medication adherence has been underexplored.®16-24 Indeed, we found no studies in
children or adults following solid organ transplantation that have evaluated the impact of
neighborhood deprivation on a direct surrogate measure2> of medication adherence. If such
an association emerged, it suggests that nonadherence may be a mechanism by which
neighborhood deprivation leads to adverse health outcomes.

Strict adherence to immunosuppressive medications is necessary for pediatric liver
transplant recipients to ensure long-term patient and allograft survival.26-28 To our
knowledge, the landmark, multicenter Medication Adherence in children who had a Liver
Transplant (MALT) study is the largest cohort of pediatric liver transplant recipients that
includes an objective, direct surrogate measure of immunosuppressive medication
adherence.?® This measure, the Medication Level Variability Index (MLVI), is a robust
predictor of late allograft rejection (LAR)29-31 which itself is thought to be due to
nonadherence in up to 90% of cases.32-36

Our primary objective was to determine if a validated composite measure of neighborhood
socioeconomic deprivation was positively associated with MLVI. Secondarily, we sought to
evaluate relationships between deprivation and family-reported medication barriers to more
fully assess links between socioeconomic context and medication adherence in this clinically
vulnerable population.

MATERIALS AND METHODS
Study Design and Data

We conducted a secondary analysis of data from the prospective, observational cohort of
pediatric liver transplant recipients enrolled in the MALT2? study between 2010-2013
(NCT01154075). The present study utilized data from 4 of the 5 MALT sites and was
approved by the Institutional Review Boards at all 4 institutions (Approval numbers:
Cincinnati Children’s Hospital Medical Center 2017-2656; Lurie Children’s 2018-1718;
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University of Pittsburgh PRO18020604; and University of California Los Angeles 18—
000032). We were unable to acquire data from the remaining site due to their IRB’s
concerns regarding the collection and use of participant street addresses. Informed consent
requirement was waived for these secondary analyses at each of the participating centers.

MALT participants were patients who underwent liver transplantation >1 year prior to
enrollment and were on tacrolimus for immunosuppression. MALT inclusion/exclusion
criteria, participant characteristics, and follow-up procedures are described elsewhere.2® For
the present analyses, the most recently available participant street addresses were extracted
from the electronic medical record (EMR) at each institution (obtained September 2017-
May 2018). Participants whose addresses were unable to be collected or whose addresses
were unsuccessfully geocoded (see below) were excluded from the analysis.

Our primary outcome was the MLV1.2° The MLV is calculated as the standard deviation of
>3 sequential tacrolimus trough levels; higher values indicate worse adherence.29:30.32,34-37
Tacrolimus trough levels are obtained at least quarterly at each of the participating
institutions as standard of care immunosuppression management. We included all tacrolimus
troughs collected over the 2-year study period. For patients who had an episode of LAR,
trough levels after the episode of rejection were excluded because immunosuppression is
often intensified in the treatment of LAR. The MLVI was found to be a predictor of LAR
when used as a continuous variable or dichotomized.2% The a priori dichotomization in the
primary MALT trial used <2.5 and >2.5.

Within the broader MALT study, individual socioeconomic variables were collected,
including: insurance type, caregiver’s highest educational attainment, and caregiver’s marital
status.

An approximation of neighborhood-level socioeconomic deprivation was derived a
compilation of unique measures available from the 2015 5-year American Community
Survey completed by the US Census Bureau. We matched these measures to participants by
geocoding their home street addresses to census tracts using DeGAUSS38 (SDC Methods).
Census tracts, geographical units designated by the US Census Bureau, are “small, relatively
permanent statistical subdivisions of a county...[they] generally have a population size
between 1200 and 8000, with an optimum size of 4000.”3° They are intended to capture a
relatively homogenous population for area-based study and therefore, are an ideal
geographical unit to study neighborhood level effects.40

Given the lack of robust patient- or household-level socioeconomic data in MALT, beyond
that introduced above, and given the hypothesis that context is relevant to child health in and
of itself, we used an area-level variable to both approximate family/household experience
and contextualize the patient’s environment. This area-level primary exposure variable was
obtained via a validated index of neighborhood socioeconomic deprivation.! The index has
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arange [0,1]. Values closer to 1 indicate more deprived census tracts. The components of the
deprivation index (census tract-level fraction of households below federal poverty level,
median household income, fraction of adults with high school education, fraction of
individuals with health insurance, fraction of households receiving public assistance, and
fraction of housing units that are vacant) are each associated with various health outcomes
and can be extracted at the census tract level for every tract in the US.#2 Methods for index
development are described elsewhere.!

We also evaluated area-level covariables--urban/rural classification and distance to transplant
center. For urban/rural classification, we coded participants’ counties of residence by the
degree of urbanization using the Urban Influence Codes*3 and dichotomized participants
into “rural” or “urban” home environments based on previously published means of
dichotomization.** We calculated distance to transplant center using each participant’s
address and the address of their transplant center. We defined distance using the great circle
approach—the shortest distance between 2 points on the surface of a sphere (i.e. the shortest
“as the crow flies” distance). We used the great circle distance instead of the driving distance
or travel time because of the relative ease in calculating this distance across regions of the
country.

Medication Barriers

We used the Parent Medication Barrier Scale (PMBS) and Adolescent Medication Barrier
Scale (AMBS), both included in MALT-collected data.?> The PMBS/AMBS addresses 4
domains of medication adherence: Disease Frustration/Adolescent Issues, Regimen
Adaptation/Cognition, Ingestion Issues, and Parent Reminder. The PMBS and AMBS are
16- and 17-question tools, respectively, with each question scored on a 5-point Likert scale.
Scores are aggregated by domain. Higher scores are associated with more
nonadherence548; thus, total scores were used in the present analyses.

Statistical Analysis

Participants with missing outcome data or whose addresses were unable to be geocoded
precisely enough to assign a census tract were removed prior to analysis.

Descriptive statistics were then performed for baseline exposure variables. For our primary
analytic strategy, we analyzed both the MLVI and deprivation index continuously and
categorically. We evaluated these measures continuously to identify any potential nonlinear
relationships; recognizing that, while this is statistically robust, it may not be clinically
meaningful. Thus, we also evaluated these measures categorically as this could more
seamlessly lead to the identification of at-risk subgroups. We used dichotomized MLVI
(<2.5 and =2.5) because this could represent both a clinically meaningful cutoff for
nonadherence and was predefined in the original MALT cohort.2® We classified participants
by deprivation index quartiles to capture the effect of different levels of deprivation as done
in previous adherence work.16 The PMBS/AMBS were kept as continuous variables in line
with their previous use.

Chi-square testing was used to evaluate for associations among categorical variables.
Cochran-Armitage test of trend was used for ordered categorical variables. The Cochran-
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Mantel-Haenszel statistic was used to test for differences in proportions across race groups
for ordered categorical variables. To understand relationships between covariates and both
primary exposure and outcome measures, Pearson’s or Spearman’s correlation coefficients
were calculated for continuous data depending on whether underlying data distributions
were parametric or nonparametric, respectively. Since the continuous MLVI was not
normally distributed, it was logyo-transformed for subsequent analyses. We used linear
regression models for continuous log-transformed MLVI. Logistic regression was used for
dichotomized MLVI. We adjusted for race because we conceptualized that race may affect
neighborhood choice and outcomes separately, and thus, could confound the relationship
between neighborhood deprivation and outcome.

Significance levels for all statistical analyses above were defined as p=0.05 a priori and
hypothesis testing was 2-sided. Analyses were performed in SAS 9.4 (SAS Institute Inc,
Cary, NC).

Study Sample

Of 320 available participants, 283 (88.4%) were geocoded to a range of street address
(highest precision of software). Of the 283, MLV data were missing from 12 leaving 271
participants (84.7%) for these analyses. Table 1 depicts participant demographic
characteristics. About half were female; 72% identified as white and 11% as black. About
40% had state-funded insurance, and 83% came from 2-parent households. Table S1 depicts
demographic characteristics of excluded participants. Compared to the included participants,
the excluded center had more black participants, less participants with state-funded
insurance or managed care health plans, and more participants from single-parent
households.

Baseline Characteristics, Exposure and Outcome Variables

The mean deprivation index was 0.37 (SD +0.14). The median MLVI was 1.33 (IQR 0.85-
2.01). Figure S1 depicts distributions of the deprivation index and MLVI. Baseline
characteristics and the association of baseline characteristics with both the primary exposure
and outcome are shown in Table 1. The deprivation index was associated with each
individually-collected MALT socioeconomic variable: participants with state-funded health
insurance, single-parent-headed households, and caregivers with less educational attainment
lived in census tracts with higher deprivation scores. Black race was also associated with
both more neighborhood socioeconomic deprivation and higher MLVIs. Rurality was not
associated with socioeconomic deprivation or MVLI. There was no difference in the number
of tacrolimus trough levels obtained per participant across deprivation index quartiles
(p=0.53).

Continuous MLVI and deprivation index

There was a 5% increase (95%Cl: —=1%, 11%, p=0.08) in MLV for each 0.1 increase in the
deprivation index (Table 2). When race was included, there was a 3% (95%CI: —3%, 9%,
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p=0.29) increase in MLVI for each 0.1 increase in the deprivation index. The effect of black
race remained significant in the adjusted model (B: 1.03; 95%CI: 1.01, 1.06, p=0.01).

Dichotomized MLVI and deprivation index

Because we did not find a linear relationship between the continuous measures of
deprivation and MLVI, participants were then categorized into deprivation index quartiles
and by the clinically meaningful MLV cut-off of 2.5 (<2.5 and =2.5, hereafter referred to as
“low variability” and "high variability,” respectively).2? There did not appear to be a dose-
response relationship (p=0.12); however, there did appear to be a threshold effect (Figure 1).
That is, a total of 23.5% of participants from the most deprived quartile had an MLV1 =2.5
compared to 11.8% for the remainder of the cohort (p=0.018). There were no differences in
the proportion of black participants from the most deprived quartile that had high variability
compared to black participants from the remaining quartiles of neighborhood deprivation
(p=0.19).

That said, when we examined the entire cohort, black participants were more likely to have
high variability compared to white participants (OR 4.23 95%Cl: 1.83, 9.78, p<0.001)
(Table 3). The OR for black participants to have high variability was 3.97, compared to
white participants (95%Cl: 1.65, 9.58, p=0.002) after adjusting for neighborhood
deprivation.

Parent & Adolescent Barriers to Medication Scales

Increased deprivation was correlated with a higher number of barriers on the PMBS (Figure
S2; Pearson’s rho=0.17, p=0.004); however, the number of barriers on the PMBS was not
correlated with MLVI. The deprivation index was not correlated with the number of barriers
on the AMBS, but a greater number of barriers on the AMBS was correlated with increased
MLVI (Pearson’s rho=0.2, p=0.04).

DISCUSSION

We sought to determine if neighborhood deprivation was associated with medication
adherence using data from a multisite US cohort of pediatric liver transplant recipients.
MLVI was not correlated with deprivation when it was assessed as a continuous variable.
When we used deprivation index quartiles and dichotomized MLVI to reflect clinically
meaningful cutoffs, those from the most deprived quartile were twice as likely to be
nonadherent. There was no effect of race on adherence for participants from the most
deprived quartile—further suggesting that this finding was due to neighborhood
socioeconomic deprivation. This suggests a nonlinear relationship whereby deprivation is
associated with nonadherence risk only among those who live in severely deprived areas.
Certainly, past research has demonstrated a possible nonlinear relationship between
neighborhood poverty and medication adherence at a population level.16 From a theoretical
standpoint, it would make sense that there might be a point where neighborhood
characteristics (e.g. violence, severe poverty, poor social cohesion) overwhelm and diminish
one’s ability to adhere to strict medication regimens.
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It is likely that the impact of neighborhood deprivation on outcomes following liver
transplant is complex and may affect both adherence and graft survival*’ which could
further confound the assessment of nonadherence on long-term graft survival. Certainly, data
across diseases and patient populations indicate that neighborhood contextual factors are
important to one’s health#84% and may be important contributors to effective self-
management. We suggest that future studies are needed to explore, both quantitatively and
qualitatively, why children from the most deprived neighborhoods are at greatest risk. Such
data may lead to the identification of novel interventions that effectively address
nonadherence in this subset of patients.

Our study did not demonstrate an association between individual socioeconomic factors
available for the MALT cohort and medication adherence—a finding that has been
demonstrated in some reports but not others.> It is possible that neighborhood
socioeconomic deprivation is a better proxy measure for a more direct cause of
nonadherence behavior (e.g. medical illiteracy, increased parental psychosocial stress);
however, future studies are needed. We posit that a child’s individual socioeconomic
background and their neighborhood context both have influences on adherence behavior
following liver transplantation, that neighborhood deprivation might provide similar yet
distinct contextual characteristics not captured with individual socioeconomic measures
alone.

Our study demonstrated an association between black race and increased MLVI. This
finding persisted in a multivariable regression model that included the neighborhood-level
deprivation index and, thus, cannot be explained by our measures of deprivation alone.
While there are known racial and genotypic differences in tacrolimus metabolism,51:52 the
MLV reflects the /ntrapatient variability of tacrolimus; therefore, such differences cannot
explain our findings since one’s metabolism would not be expected to change over time. We
posit that our findings linking race to adverse outcomes stem primarily from race’s role as a
social construct. Indeed, we see it as encompassing multiple dimensions that may not be
adequately captured by our exposure variables.53 Such dimensions include adversity over
time, institutional and interpersonal discrimination, bias, limited trust in the healthcare
system, and elevated risk of exposure to psychosocial stressors; all of which might lead to
medication nonadherence.>3:54 This work provides further support that black children
undergoing liver transplantation are systematically disadvantaged across the phases of
transplant. Future work to identify how the healthcare system could improve care for black
children is sorely needed to realize equitable outcomes.

The influence of neighborhood contextual characteristics on medication adherence has been
minimally explored following solid organ transplantation.16-18 To our knowledge, there are
no published studies that utilize an objective surrogate of adherence as the primary outcome.
Census tracts are regarded as the ideal geographic unit to study the effects of place-based
risk on health outcomes,*? yet their use is limited in multicenter studies8 due to the
complexity of transmitting private health information under HIPAA. While ZIP codes
(groups of streets defined for efficiency reasons by the US Postal Office) are often used, they
have the greatest potential for bias.? Through the use of a specialized and open source
software tool called DeGAUSS, we utilized census tract-level measures without requiring
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study sites to share private health information. The resulting increased precision and
decreased measurement error is an obvious strength of this study.

We acknowledge the following limitations. First, most studies on neighborhood risk use
much larger samples*®—our study had only 42% power to detect a 5% increase in MLVI for
each 0.1 increase in the deprivation index in univariable analysis. Therefore, we were
underpowered to determine the effect of neighborhood deprivation in excess of individual
socioeconomic status. However, the MALT dataset?930 is the largest pediatric liver
transplant dataset to include an objective surrogate measure of nonadherence. Most studies
on medication adherence use indirect measures of adherence.?> The MALT data is further
strengthened by having a well-defined cohort and rigorously collected data. Second, we
were limited by our use of most recent address rather than enrollment address. This likely
lead to a small, nondifferential misclassification error for participants who moved after
enrollment in MALT that could bias our results towards the null. Furthermore, residential
mobility tends to be higher in lower income groups despite their moving to
sociodemographically similar neighborhoods.?® Future studies could assess whether housing
instability is associated with medication adherence. Third, although the deidentified MALT
dataset was available to us in its entirety, 1 site was unable to reaccess medical charts
because of confidentiality concerns. Given the slight differences in the demographics of this
excluded site from the rest of the MALT cohort, the potential for bias, while minimal, does
exist. Fourth, this study captured adherence behavior over 2 years, which is a relatively long
period. However, adherence behavior does change over time30 and, therefore, there may be
differences in adherence trajectory for children with different neighborhood-based
exposures. Finally, this study only included pediatric liver transplant recipients. While, after
the first year of transplant, pediatric liver transplant recipients are similar to other children
with a transplant, there may be differences in provider engagement, perceived risk of
nonadherence, or other factors that affect adherence. Therefore, generalizability beyond
pediatric liver transplant recipients is limited; however, we suspect that the etiologies of
nonadherence are similar across pediatric solid organ transplantation.

Neighborhood-level ‘geomarkers’® are increasingly seen as tools that could help stratify
patients and inform the targeted deployment of relevant interventions.=8 In recognition of
the role of community/neighborhood on health and disease, the National Academy of
Medicine now recommends the routine use of geocoded area-based measures in clinical care
in addition to individual psychosocial measures.>8:57 While such screening is being
implemented in primary care,3-6:58-60 yse in pediatric transplant medicine is limited. A
necessary first step is to identify the mechanism by which place-based risk affects outcomes
in pediatric liver transplantation; medication adherence may be a key component as
nonadherence remains a major challenge for the medical community.1 As we seek to
personalize care for our patients,52 a better understanding of our patients’ place-based
context will allow for a more comprehensive understanding of their health risks and could
lead to targeted strategies to improve their health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABM area-based measures
AMBS Adolescent Medication Barriers Scale
EMR electronic medical record
LAR late acute cellular rejection
MALT Medication Adherence in children who had a Liver Transplant
MLVI medication level variability index
PHI Private Health Information
PMBS Parent Medication Barriers Scale
ZIP Zone Improvement Plan
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Figure 1. Percent of participants with an MVLI = 2.5 by deprivation index quartiles

Q1: Quartile 1 (0—0.27, n = 67); Q2: Quartile 2 (0.27 — 0.34, n = 69); Q3: Quartile 3 (0.34 —
0.47, n = 68); Q4: Quartile 4 (0.47- 1, n = 67); MLVI: Medication Level Variability Index;
OR: Odds ratio

When evaluating for a trend across quartiles, Cochran-Armitage test was p = 0.12. Chi-
square comparing the highest quartile to the rest of the cohort (23.9% vs. 11.8%,
respectively) yielded a p = 0.018.
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Table 2.

Linear regression models with log-transformed MLV as a continuous outcome variable

Variable Estimates® 95% Cl  p-value

Unadjusted  Deprivation Index 1.05 099-1.11 0.08

Adjusted Deprivation Index 1.03 097-1.09 0.29
Race

Black or AA 1.03 1.01-1.06 0.01

All other races (reference)

MLVI: Medication level variability index; AA: African American; Cl: Confidence interval

aEstimates reflect the expected fold change in MLV for every 0.1 increase in the deprivation index.
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Table 3.

Logistic regression models with dichotomized MLVI (22.5 or <2.5)

Variable Odds Ratio® 95% Cl  p-value

Unadjusted Race
Black 423 1.83-9.78 <0.001

All other races (reference)

Adjusted Deprivation index 1.06 0.82-1.36 0.65
Race
Black race 397 1.65-958 0.002

All other races (reference)

MLVI: Medication level variability index; AA: African American; Cl: Confidence interval.

aThe reported odds ratio represents the odds of having an MLVI =2.5 for each 0.1 increase in the deprivation index.
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