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Among the causes of inequity in organ transplantation, geography is oft-
cited but rarely defined with precision. Traditionally, geographic inequity has
been characterized by variation in distance to transplant centers, availability of
deceased organ donors, or the consequences of allocation systems that are
inherently geographically based. Recent research has begun to explore the use of
measures at various geographic levels to better understand how characteristics
of a patient’'s geographic surroundings contribute to a broad range of transplant
inequities. Within, we first explore the relationship between geography,
inequities, and the social determinants of health. Next, we review methodologic
considerations essential to geographic health research, and critically appraise how
these techniques have been applied. Finally, we propose how to use geography to
improve access to and outcomes of transplantation.
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1 Introduction

Geography plays an important role in shaping social, economic, governmental, and cultural
influences of history, helping us to understand both space and place. Much attention in solid
organ transplantation has focused on how to use geography to connect diverse fields of
knowledge, such as epidemiology, medicine, biostatistics, and spatial analysis, to improve the
clinical practice of transplantation (1). Recently, geographic research in the field has focused on
measuring, defining, and explaining how inequities arise in availability and allocation of
deceased donor organs, access to the transplant waitlist, and post-transplant outcomes.

Space and place are necessarily intertwined in the delivery of highly specialized care such
as solid organ transplantation (2). The physical infrastructure, distribution, and specialization
of resources play a significant role in transplantation: transplant centers tend to be located in
urban settings inside tertiary and quaternary care centers, and allocation policy is shaped by
transportation considerations weighed against cold ischemia time. Meanwhile, organ availability,
wait time for transplant, and transplant center practices all vary widely.

Geography is also a major driver of the distribution of the social determinants of health
(SDOH), or the conditions in the environments in which people are born, live, learn, work, and
play (3, 4). The SDOH are widely acknowledged to impact health outcomes, and inequitable
distribution of material resources and exposure to health-compromising conditions in turn drive
health inequity (5, 6). Studying spatial patterns of access to and outcomes of solid organ
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transplantation can provide important insights into both associative
and causal mechanisms of health outcomes and health inequities in
this field.

Tobler’s first law of geography notes, that “everything is related to
everything else, but near things are more related than distant things”
(7). Considering this, we will review selected methodological concepts
in geographic health research and describe how these concepts impact
the study of transplantation. Next, we critically appraise how research
into geographic inequities has been utilized in the field of
transplantation to date. Finally, we propose how to use geography in
studies intended to improve access to and outcomes of transplantation.

2 Methodological considerations
2.1 The ecological fallacy

The “ecological fallacy” was most famously noted by Robinson in
1950, which showed that differing results could be obtained when the
same dataset was analyzed at the individual and the aggregate level (8).
The actual term “ecological fallacy” was coined in 1958, and cautionary
tales of the ecological fallacy abound in the social and medical sciences
(9). Advances in statistical approaches have given us multilevel
modeling methods to explicitly consider cross-level processes, such as
a neighborhood’s impact on individual health outcomes, without
committing the ecological fallacy (10). These multilevel models can
be applied to classic regression techniques, such as logistic regression,
and allow for consideration residual components at each level in the
hierarchy/levels - helping to avoid the ecological fallacy and come
closer to a causal interpretation.

Despite these advances, there remains a deep skepticism of the use
of area-level measures in clinical research when used to reflect
conditions shared by an administrative or geographic boundary such
as state, region, ZIP code, census tract, or block group. In fact, many
papers that model individual-level health outcomes using multi-level
regression still describe the ecological fallacy in their limitations
sections (11, 12). The ecological fallacy now seems to be shorthand for
concern around the validity and utility of area-level measures.

One source of this concern may be due to the interchangeable use
of area-level measures to refer to both derived and integral measures
(13). Derived measures are those that represent some aggregate value
of the individuals residing within an area. A very common example of
derived measures in health research is census-based measures of the
socioeconomic characteristics of residents of a neighborhood, such as
median household income, percent living in poverty, or percent living
in overcrowded housing. In contrast, integral measures are those that
are intrinsic to the physical or social environment of the neighborhood.
Common examples include measures of green space in a
neighborhood, the availability of health services (examples in
transplantation include dialysis facilities, specific medical specialties
such as gastroenterologists or nephrologists, and transplant centers),
or measures of neighborhood safety and social cohesion. While
derived measures tend to have an obvious parallel to an individual-
level measure, integral measures do not.

Derived measures are more common in research than integral
measures. Perhaps as a result, a common way to conceptualize area-
level measures is as a proxy for individual-level experiences - for
example, area-level socioeconomic status (SES) as a proxy for
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individual-level wealth (14). While area-level and individual-level
socioeconomic status are undoubtedly linked, the substitution of one
for the other implies that if individual-level SES were only collected,
area-level SES could be dispensed with altogether. This simplification
ignores the myriad impacts that area-level exposures can have on
individual-level health outcomes and belies the lack of causal thinking
that underpins much of the neighborhood effects research (often with
area-level measures such as median household income, percent living
under the poverty line, or rurality, as well as indices such as the Area
Deprivation Index or the Social Vulnerability Index) in the field
of transplantation.

To improve the rigor of this area of research, future work needs to
incorporate principles of causal thinking as they relate to area-level
determinants of health. Specifically, researchers need to grapple with
identifying and understanding specific pathways through which area-
level measures have an impact on an individual’s health. This may
mean moving away from the growing reliance on “indices” of
socioeconomic deprivation (15, 16) and focusing on integral measures
that may mediate associations between these indices and
health outcomes.

2.2 Issues of scale and the modifiable areal
unit problem

In geographic sciences, scale refers to the spatial dimensions at
which entities, patterns, and processes can be observed and
characterized. Geographic scale specifically refers to the extent of an
area of interest, or the amount of area over which a pattern can vary,
while observation (or measurement) scale refers to the number and
nature of the spatial units over which a pattern can be expressed (17).
In spatial analysis, the size of areal unit directly determines the
amount of detail to be included in the analysis and the results
generated. Too small a scale will result in not enough data to
be aggregated in each unit of analysis, while an overly large scale will
lead to overgeneralization of the data and a loss of detail.

The importance of establishing a scale that balances level of detail
and the degree of aggregation in geographical analysis is underscored
by the modifiable areal unit problem (MAUP, Figure) (18). MAUP
refers to the sensitivity of data to the spatial scale and is a source of
statistical bias that can significantly impact results. MAUP has two
forms: (1) the scale effect, which refers to the fact that using bigger or
smaller analysis units will inevitably lead to different analysis results,
and (2) the zoning problem, which refers to the differences caused by
the division of the study area (e.g., polygons vs. circles) even at the
same spatial scale (19).

MAUP is an inherent phenomenon in geographic research due to
the arbitrary nature of boundaries applied to group populations.
MAUP is highly applicable in transplant research due to the variety of
study areas used for data analysis. These include individuals, census
tracts, counties, states or nations, but also donor service area (DSA),
organ procurement organization (OPO), or United Network for
Organ Sharing (UNOS) region - or the analogous units in other
countries throughout the world. Major policy initiatives that change
geographic boundaries with respect to organ allocation increase the
significance and challenge of MAUP, particularly for researchers
conducting retrospective cohort studies that include points of
geographic reorganization (20).
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While largely inevitable, researchers can quantify and mitigate
effects of MAUP. The most critical step is pre-analysis selection of the
optimal scale for data aggregation. Explicit rationale for areal units
used is essential for analytic planning and placing results in context.
Several advanced spatial analytic techniques can aid in reducing the
uncertainty introduced by MAUP. These include merging highly
correlated spatial units, small area estimation, bootstrapping and
geographically weighted regression (21, 22).

3 Geographic considerations specific
to health equity research

The extent of aggregation and geographic scale should be carefully
considered when planning a geographic analysis for the purposes of
understanding and mitigating health inequities. Measures should
be considered and aggregated based on level of influence appropriate
for the research hypothesis being tested; a summary of some available
measures are in the Table 1.

For international studies, national boundaries and population
demographics may influence longitudinal analyses. Examining access
to transplant at the national level may incur a large bias due to the
heterogeneity of regions within national borders. Rurality, high traffic
roads, broadband access are all reported nationally—and can
be compared internationally—but vary dramatically within national
boundaries. Specific to transplant, variation in organ allocation and
transportation systems, population demographics, national prevalence
of end stage organ disease, and payment models for solid organ
transplant will introduce significant heterogeneity in assessments of
equity in access to care (29, 30). All of these contribute to the
possibility of ecological fallacy in transplantation research.

Within the United States, administrative boundaries such as
UNOS regions or DSAs are often used as units of comparison. This is
appropriate for studies of geographic inequities in access to organs or
center behavior (27), but may be less appropriate when investigating
access to the waitlist, waiting times or postoperative outcomes.
Longitudinal retrospective studies should take care in decisions to
include time periods before and after a major geographic redistricting
when using administrative boundaries. OPOs do not correlate with
any of the above levels, so must be assessed at the donor or center
level. As allocation in the United States has changed to circles around
the donor hospital, the metrics of access to donors have reverted to
nautical miles (31, 32).

State level aggregation may be particularly relevant for research
investigating payment models, large employer-based payors, and

TABLE 1 Selected examples of area-level measures and associated inequities.
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Medicaid coverage which sometimes restricts payment to in-state. State-
level legislation provides payment for transplant for undocumented
immigrants and living donor benefits (33, 34). Some states also control
transportation and broadband access and provide additional social relief
programs not specific to transplant. County level aggregation is seen less
commonly in transplant-related research, but many social safety net
programs are county funded. Common measures aggregated at the
county level are life-expectancy rate and infant mortality rate.

Center-level aggregation is in some ways the most salient to health
equity research in transplant when examining referral and listing
patterns. Recent work in the United States has suggested value in the
transplant referral regions (TRR) (35-37)—based on patient
migration patterns towards specific transplant centers. In some areas,
a TRR corresponds to an entire state (Nebraska, Mississippi, and
Alabama, for example); however, the TRRs are irregular and it is
difficult to extrapolate findings from single-center, single-state regions
to multi-center or multi-state regions. Other boundaries available
include metropolitan service areas and hospital service areas. All of
these measures need to consider, in some way, the degree of rurality
in each of the units.

For transplant patients, geographic area of residence may be used to
assess social risk via community resources/deprivation through indices,
public databases, or demographic composition of neighborhoods. Here
ZIP code and address (census tract or block group) are often used units
of aggregation. ZIP codes are also administrative units established for
mail delivery rather that to characterize populations, and their use to
characterize neighborhood environment introduces bias with regards to
the population size and association with greater heterogeneity than
census tracts or block groups, particularly in areas of high population
density. ZIP codes may cut across census block groups and lead to
misclassification of structural social determinants of health and over or
underestimation of community deprivation (38-40). Aggregation at the
census tract or block group may also lead to over or underestimation of
social risk of an individual/family/network or confounding by indication
where minoritized neighborhoods may be associated with uniformly
low SES status: an example is the Hyde Park neighborhood of Chicago,
which has primarily black residents, some very impoverished, and some
very wealthy.

4 Controversies and future directions

The multilevel nature of health inequities impels researchers to
include measures that reflect not just individual, but community,
center and national characteristics. Geographic analyses are not new,

Unit Area-level measure Example inequities References
Census tract Area deprivation index Survival after Covid-19 (23)
Variable, depending on country | European Deprivation Index Increased risk of death after kidney transplantation (16)
Zip code Social deprivation Waitlisting and transplant rates for pediatric liver patients (24)
County Rurality Waitlisting for kidney, liver, heart transplant (25)
Kidney transplant rates (26)
Donor Service Area Market competition/Herfindahl Hirschman Index Use of marginal kidneys, survival after transplantation 27)
State Medicaid expansion Waitlist rates for racial and ethnic minorities (28)
Frontiers in Public Health 03 frontiersin.org
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but have become more sophisticated in their methods and gained
significant momentum in solid organ transplant. Appropriate use of
geographic measures can help elucidate how interactions between
patients, transplant centers, and the communities they reside in
influence equity in access to and outcomes after transplant. Critical
aspects of these studies include incorporation of geographic units into
hypothesis generation, careful attention to the unit of aggregation of
primary and secondary data, and purposeful use of composite
measures of individual social determinants of health.

In the transplant literature, various social deprivation indices have
been employed in an attempt to understand how neighborhood
disadvantage mediates waitlist and transplant outcomes (41). There are
multiple well-known deprivation indices but no universally accepted
metric to capture social-contextual risk factors across geographical
areas. Studies of neighborhood deprivation and its association with
inequities in access to transplant have been inconsistent in choice of
deprivation index, with little explanation of the relation to the specific
index to the study hypothesis. As described above, the use of
neighborhood-level deprivation as a proxy for patient-level
socioeconomic status is problematic because of the ecological fallacy.
These can measure two different, albeit related, aspects of the causal
mechanism and should be described separately when possible.

However, these indices can also describe neighborhood access to
material resources and exposure to health-deteriorating environmental
factors, which can have an impact on health outcomes above and
beyond individual-level socioeconomic status. Greater attention is
needed to the intermediate causal mechanisms behind the associations
between neighborhood deprivation indices and transplant health
outcomes in order to inform clinical and policy interventions.

Ultimately, using geography as a method to understand inequities,
both at the individual and area level, is a useful and powerful method
to improve access to transplantation. Its use requires careful
consideration and proper planning to avoid unrecognized bias and
resultant inaccurate conclusions. Space, place and health are
undeniably intertwined. Geography will continue to play a prominent
role in driving health equities. As methods of geographic analysis
advance, so should our understanding of how the macro and
microenvironment influence access to and outcomes after solid
organ transplant.
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