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In this article, we propose an original matching procedure for multiple treat-

ment frameworks based on partially ordered set theory (poset). In our proposal,

called matching on poset-based average rank for multiple treatments (MAR-

MoT), poset theory is used to summarize individuals’ confounders and the

relative average rank is used to balance confounders and match individuals in

different treatment groups. This approach proves to be particularly useful for

balancing confounders when the number of treatments considered is high. We

apply our approach to the estimation of neighborhood effect on the fractures

among older people in Turin (a city in northern Italy).
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1 INTRODUCTION

The ideal situation for drawing causal inference about a given treatment is represented by randomized trials, however,
quite often in many fields, randomization of subjects into different treatment groups is infeasible.1 The use of obser-

vational data represents a challenge because of selection bias, that happens when the treated group of subjects differs

systematically from the control group, according to confounders that also affect the outcome or are associated to it. Indeed,
the distribution of confounders among the treatment groups may differ considerably, creating what is called an unbal-

anced situation. Thus, in these cases the crucial question is whether differences with respect to the outcome between

treatment groups can be attributed to the treatment itself, rather than to differences between subjects’ characteristics in
the groups.2 This is whymethodological techniques usually applied to solve this issue are focused on reaching the balance

of confounders’ distribution across the treatment groups.

Widely usedmethods to balance the distributions of observed characteristics among treatment groups are those based
on the propensity score, that is, the probability to be treated conditional on a set of independent variables. Propensity

score matching, for example, consists in matching individuals in different treatment groups based on their propensity

score.3 This method enables to adjust for confounders, and compare only comparable groups of subjects, with similar
distribution of the observed characteristics. Several studies deal with the use of propensity score techniques in the pres-

ence of a dichotomous treatment, where only two groups of subjects need to be balanced with respect to confounders.

The use of propensity score techniques in multiple treatment frameworks is less straightforward. In the literature there
are a few works that estimate the effect of nondichotomous treatments,4-9 comparing three or four treatment groups.

However, using propensity score matching is complicated with multiple treatments, especially when the number of treat-

ment groups is higher than three, because of methodological, interpretative and computational issues. For instance, it

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in anymedium, provided the

original work is properly cited.
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2 SILAN  .

is more difficult to identify a common support for all the treatment groups that allow to properly compare them. Also

the computation of the propensity score is less trivial, especially the model specification. Moreover, the complexity of the
matching algorithm increases with the number of treatment group considered.

The method we propose, that we label matching on poset-based average rank for multiple treatments (MARMoT),
consists in a multiple matching based on partially ordered sets (poset). We test theMARMoT approach with simulations,

and prove its utility in balancing the observed confounders among groups. Our simulation study considers 23 treatment

groups and shows more than satisfactory results, indeed, the MARMoT approach highly improves the balance of con-

founders, even starting from strongly unbalanced situations. As far as the empirical application is concerned,we observed
MARMoT performance with real data considering 10, 23, and 70 treatment groups. Even with real data the results are

satisfactory, especially with 10 and 23 treatment groups, while in the last case there is still room for improvement. As a

matter of fact, it is quite common in public health applications to deal with high number of treatments, for instance in
the assessment of hospitals’ performance.10

In our empirical analyzes, we estimate the neighborhood effect on hospitalized fractures among older people residents
in Turin, a city in the north of Italy. The focus of this paper is on comparison ofneighborhoodswith different compositions,

given that individuals with different fracture risk factors may live in different areas. Our matching technique enable us

to adjust for confounders using a poset-based average rank in a multiple treatments framework, even when the number

of treatment groups (neighborhoods) is very high. The main contributions of this paper thus consist in the proposal of
this newmatching approach based on poset theory, its validation in a simulation study and its application to estimate the

neighborhood effect on hospitalized fractures among individuals aged sixty or more, based on three different geographical

partitions.
In Section 2, we describe the case study, the data analyzed, the three different geographical partitions considered,

and the confounders wemeasure. Themethods to balance the observed confounders in multiple treatments frameworks
are described in Section 3, followed by a brief introduction to poset theory, and an in-depth explanation of our proposal.

In Section 4, we describe the design and the results of a simulation study that we performed to test the reliability of

our original proposal. Section 5 illustrates the empirical application with real data, comparing different geographical

partitions and a sensitivity analysis that shows strengths and limitations of the MARMoT approach.

2 CASE STUDY

During the last 20 years, there has been growing interest in the effects of context on individuals’ lives,11 prompting impor-
tant new research in social epidemiology. Such effects are usually called “neighborhood effects” and were defined by

Oakes1 as the independent causal effects of neighborhoods on a given health or social outcome. In the literature, the term

neighborhood is often used to delineate individuals’ immediate residential environments and the material and social
characteristics of these environments that presumably have an impact on personal outcomes.12 Risk factors for health

attributable to neighborhood include deprivation, walkability, air pollution, crime, and social cohesion.11

Our interest in the neighborhood effect on hospitalized fractures among individuals aged 60 and more stems from a
real need expressed by Turin’s Epidemiological Service. Neighborhoods may affect fracture rates among older people in

two main ways: they may be difficult to walk around, or have inadequate street lighting, and thus increase the risk of

falls. In addition, people living in the area may be discouraged from engaging in physical activity, and their muscle tone
and bone structure may consequently deteriorate.13,14 The focus here is on people aged 60 and more, partly because of

their greater exposure to hospitalized fracture, and also because they tend to be a more stable resident population. Indeed,

some researchers have found older people more susceptible to experience neighborhood effects because they spendmore
time in their neighborhoods than younger people.15 Older people are also less likely to move house (the annual rate for

the observed population was only around 1 ).%

2.1 Turin longitudinal study

The data used in our analyzes come froma longitudinal study conducted in Turin, that gave rise to an integrated database,
which combines administrative data flows on residents drawn from censuses and population registry with health data

flows (hospital discharge records, prescription charges and exemptions, and territorial drug prescriptions). The hospital

discharge records contain information on the patient’s diagnosis, admission mode (emergency, compulsory, voluntary),
and date of admission and discharge. The prescription charges database lists all exemptions from payment of health
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SILAN  . 3

services to which some patients are entitled due to chronic conditions or low income. The territorial drug prescriptions

database contains details of prescribed drugs, the quantities involved, and their classification (based on their therapeutic,
pharmacological and chemical properties). The census data includes not only basic demographic data, such as age, sex,

and place of birth, but also some important information about individuals’ socioeconomic status, such as their occupation,
education, home ownership, and family composition.

All these different data sources have been pooled together over time. Starting with the censuses and population reg-

isters available in 1971, Turin’s residents have been registered and tracked as a historical migration dataset, considering

all movements of individuals living in Turin for at least one day from 1971 onwards.16 Several other data sources were
added over time, such as the cause of death archives in 1971, the cancer registry in 1985, the hospital discharge records

in 1995, drug prescriptions data in 1997, and so forth.

2.2 Examined population

The study population consists of all individuals included in the 2001 population census, aged 60 or more at December 31,

2001. In order to be able to collect information on possible confounders represented by past health-related information,

we focus on individuals who have been living in Turin between January 1, 1997 and December 31, 2001. We measure the
outcome, that is, hospitalized fractures, during the year following the census (ie, 2002). We therefore limit our analyzes

to individuals who have been living in Turing for the whole year 2002. In the empirical analyzes, we focus on assessing

the differences in the proportion of individuals experiencing at least one hospitalized fracture in 2002 among individuals
living in different neighborhoods at the time of the 2001 census.

2.3 Neighborhoods

The city of Turin can be split into 10 districts, 23 areas, or 94 zones. The three partitions are characterized by different
living conditions (deprivation,walkability, crime, and social cohesion) and population features, but the three geographical

layers are only partially hierarchical. For instance, the same zone may belong to two or more areas, or districts.

The ten districts have an average population of 22 583 residents, with the least populated accounting for 10 608 indi-
viduals, and the most populated for 33 072 individuals. The populations of the 23 areas range between 3584 and 18 089

residents, with an average of 9819. The number of individuals living in each zone varies even more.
In our empirical analyzes, we compare proportions of hospitalized fractures among neighborhoods considering the

three geographical partitions. In the case of the 94 zones, however, we excluded the neighborhoods with small sizes.

More specifically, we excluded zones with a population of less than 625 individuals (corresponding to the first quartile of

the distribution of the population size of zones). The number of individuals living in the zones thus discarded accounts
only for the 3% of the whole population, and the final number of zones considered is 70. For the sake of brevity, in the

simulations we focus on the intermediate partition, that is the city divided into 23 areas.

2.4 Variables

Based on the literature on neighborhood effects on older people’s health,12 we consider the following variables as pos-

sible confounders: gender, age (considering five-year-age brackets: 60-64, 65-69, 70-74, 75-79, 80, and over), region of

birth, family composition, educational attainment, last known occupational condition, and home ownership. The region
of birth distinguishes between individuals born: in Piedmont (the region to which Turin belongs); in other regions of

Northern Italy; central Italy; Southern Italy or islands; or outside Italy. The variable representing family composition

combines marital status with the number of components: living alone; married and living only with a partner (family of
two); unmarried and not living alone (family of two ormore); married and living in a family of more than two people. The

last known occupational situation is a variable obtained from the census data from 1971 to 2001, and aims to capture the
last type of occupation prior to retirement. This was not possible for some individuals because they were already retired

in 1971 (and in all other censuses where they appear), or they were not working for other reasons. The occupation vari-

able distinguishes between the just-mentioned case and home-makers, entrepreneurs, white-collar workers, andmanual
workers.
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4 SILAN  .

The percentage of hospitalized fractures in 2002 is equal to 0 9. % of Turin residents aged 60 or more, with some differ-

ences between neighborhoods. The percentage of hospitalized fractures, in fact, varies between 0 across. .67% and 1 18%
the different areas. Although the outcome may be considered as a rare event, this fact does not represent an obstacle for

our analysis. In fact, the matching method we propose does not require modeling the outcome and focuses on attaining
an acceptable balancing of the distribution of confounding variables among the different neighborhoods.17

3 METHODS

Let  = {t1, t 2, ,… tK} be the treatment support for multiple treatments. Under the standardK stable unit treatment value

assumption (SUTVA) and given K treatments, we have a set of K potential outcomes,  = {Yi(t1),Yi(t2) …, ,Yi(tK )} and

only one of them is observed for each individual i. Let s1 and s2 represent two subgroups of treatments (two groups of

neighborhoods) such that s1, s2   , and s1  s2 = Ø. Next, let s1 and s2  be the cardinality of s1 and s2 , respectively.18
Following Lopez and Gutman,5 we can formulate a general causal estimand that compares average potential outcomes

between two groups of treatments:

ATEs1 ,s2 = E


t s 1

Yi( )t

s1
−


ts2

Yi(t
)

s2


. (1)

In Equation (1), the expectation is over all units, 1 , and the summation is over the potential outcomes ofi = , ,… N

a specific unit. Several estimands can be considered as special cases of (1), including pair-wise ATEs where s1 and s2 are
singleton, that is, they include a specific treatment only. Pair-wise ATEs would contrast two pairs of neighborhoods and

one could consider all possible pairs. In the context of our application, one may consider a special case of (1), where

central and peripheral neighborhoods are contrasted. In fact, the researcher or a policy maker might be first interested in
answering the question of whether central neighborhoods are less risky in terms of older people’s hospitalized fractures

as compared to peripheral neighborhoods. In a second step, then one could compare specific neighborhoods by using

pair-wise ATEs.
In neighborhood research it is usually of interest to address the question of whether living in any other neighborhood

than a specific onewould improve health. Therefore, in this study,we focus on an estimand that compares every treatment

group (neighborhood) with the rest of treatments (the rest of the city), and we define it as the average treatment effect of

a specific neighborhood against the rest of the city (ATENC). Let t represents a generic element of  , and  represents

the other treatments,  = − {t}, ATENC is:

ATENCt, = E


Yi(t) −


c Yi( )c

 


. (2)

Our ATENC is transitive, thus it is possible to directly compare ATENCs for different neighborhoods.

Identification of causal estimands such as those derived from (1), usually rely on the assumptions of positivity

and unconfoundedness. The positivity or sufficient overlap assumption, that is 0 1 1,< p t Y(  ( ) … ( ) ), ,Y K ,X <  t

{ … }1, ,K , implies that there are no values of pretreatment confounders that could occur only among units receiv-

ing one of the treatments. The treatment assignment is unconfounded, that is p t Y Y K p t t(  ( ) …1 , , ( ),X) = ( X) , 

{ … }1, ,K , which implies that the set of observed pretreatment confounders, X, is sufficiently rich such that it includes
all variables directly influencing both treatment assignment and the outcome; in other words, there is no unmeasured

confounding.

Matching and weighting using the generalized propensity score (GPS), that is, the conditional probability of being in
a particular treatment group given pretreatment variables,19 are common approaches to compare multiple treatments.

Applications of the GPSmatching or weighting remain largely scattered in the literature, with few applications involving

three (or four) treatments.4-6,8,9,20,21 Other methods that have been tested and compared include regression adjustment,
marginal mean weighting through stratification, and “doubly robust” estimators.7,22

None of these methods are practical, however, if the number of treatments is higher than three (in general, the higher

is number of treatments, the more complex and less practical the mentioned methods are). Some important assumptions
(such as the overlap) become difficult to satisfy, and estimating propensity scores becomes computationally demanding

and may turn in the estimation of very small probabilities of belonging to the several treatment groups.
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SILAN  . 5

An alternative approach, that does not require estimating treatments probabilities is template matching. This method

can handle the balance of several treatments.10 With this approach, a sample of individuals represented in all the treat-
ment groups, the template, is selected to guarantee comparability of the individuals in all treatment groups included in

the analysis. Then thematching algorithmmatches individuals fromall treatment groupswith the template, and all other
individuals are discarded. The analysis is thus restricted to individuals belonging to the common support of confounders

across all the treatment groups. This enables to manage many treatments, but limits the generaliability of the analyzes,

and results may heavily depend on the choice of the template.

In the following, we describe our original alternative approach to deal with confounders balance when comparing
many treatments which involves matching on a score (average rank) obtained using partially ordered sets (poset) theory.

This approach, thatwe label MARMoT (matching on poset-based average rank for multiple treatments) allows us to make

the distribution of confounders similar across many treatment groups. We will rely on the most commonly employed

measure of comparability of the treatment groups (balance) in terms of each confounder , the absolute standardizedX

bias (ASB). Because our variables are all represented by a series of dummy variables (one for each level of the variables),
other, more refined, measures of balance would not relevant. In addition, ASB has been found superior to other measures

in its ability to predict the bias of causal effects estimators.23ASB will be measured as:

ASB =
t − X 
2

2
+

S2

2

, (3)

whereX andX t are themeans of the variableX of individuals living respectively in thewhole city, and in the neighborhood

t; and S and St are the standard deviations of the variable X for individuals living respectively in the whole city and in the
neighborhood .t

3.1 Matching on poset-based average rank for multiple treatments (MARMoT)

Here, we first briefly introduce key concepts in poset theory (for a more detailed presentation, see Part A of the
Supplementary Material), and then we describe our matching approach.

3.1.1 Poset theory and average rank computation

Poset theory is a theoretical field between graph theory and discrete mathematics that quickly developed after the 1970s
thanks to technological advances that made greater computational efforts manageable.24 A partially ordered set (poset)

is a set of elements where a binary relation that indicates an order can be traced. The word “partially” refers to the fact

that not every pair of elements is necessarily comparable.
People in a population can be ranked and ordered using a single variable. For instance, the level of education enables

two different individuals to be arranged in an order. The set of observed characteristics of each individual is called “pro-

file”. If the comparison is drawn using several variables, it may be that some elements are neither equal nor ordered,
in which case they are defined as incomparable.25 The word “partially” is added to “ordered set” when some elements

of the population are incomparable, so the order relation has to be changed to a partial order relation, which takes the

incomparability of the elements into account.
Comparing the individuals in a population gives rise to a list of comparabilities and incomparabilities, which can be

represented graphically using a Hasse diagram. This diagram represents the elements in a poset: each node is an element,

two or more equal elements still form one node, and every line segment is an order relation between comparable objects.
Dichotomous, categorical and discrete variablesmay be considered in a poset. However, in order to contain the complexity

of the poset, it is recommended to reduce each variable to a few meaningful classes.

Linear extensionsare all the possible rankingsof elements in the poset that respect its comparabilities (the connections
in the Hasse diagram) and incomparabilities.24,25 The average rank (AR) of a node represents the mean of all the ranks

that the element occupies in all possible linear extensions, starting from the known order relations. Thus, the AR is a

single value for each element in the set that describes the relative position of a given element with respect to the rest of
the population. This score can be normalized in the interval [0, 1].
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6 SILAN  .

TABLE 1 An example of the frequency table involved in the

matching of the MARMoT approach

AR t1 t2 … tk … tK

AR1 f1 1, f1 2, … f1,k … f1,K

AR2 f2 1, f2 2, … f2,k … f2,K

      

ARr fr,1 fr,2 … fr k, … fr K,

      

ARR fR,1 fR,2 … fR k, … fR K,

AR’s involvement in the MARMoT approach serves the same goal of the GPS, that is, the purpose is to reduce

data dimensionality and balance observable individuals’ characteristics. Similar to the GPS, there is no need to attach a
substantial interpretation to AR values for the purpose of matching on it.

If the number of individuals and variables increases, the linear extensions become too many to be examined thor-

oughly, and it becomes computationally almost impossible to calculate the exact value of the AR. However, satisfactory
approximations of the number of linear extensions of a poset have been suggested.26,27 Researchers have used two main

approaches to obtain a computationally efficient calculations of the AR, by sampling linear extensions,28,29 or by using

approximation formulas, such as the local partial order model,30 or the one based on mutual probabilities.27 We rely on
the De Loof’s approach31 because it provides better results than other methods in terms of accuracy with a large sample

size.31More specifically, we calculate approximatedARs using theR package deloof developed by Caperna32,33 that can

deal with large datasets.34,35

3.2 The matching

Weuse ourMARMoT technique to summarize confounders, applying a poset-based AR calculated for each individual. As

such, the individuals’ characteristics are summarized by unique AR values, and individuals who have similar ARs have
profiles that are nearby in the poset linear extensions. AR enables us to proceedwith a matching whereby each individual

in a given neighborhood is associated to individuals with similar ARs in all the other neighborhoods, and those who

cannot be matched are discarded in order to respect the overlap condition and make all neighborhoods simultaneously
comparable.

Once the AR has been computed (resulting in different values, where ), the first step is to build a frequencyR R N

table, as Table 1, where each row corresponds to a specific observed value of the AR (ARr, 1r = , ,… R), and each column
represents a treatment group (t k, 1k = , ,… K). In other words, fr k, is the number of individuals with AR equal toARr and

assigned to the treatment group tk. For instance, supposing that AR1 = 0, f1 1, is the number of individuals with 0AR =

living in neighborhood 1.
In order for each value of the AR to be represented equally in all the treatment groups, the desired result would be

a table where fr,1 = fr,2 = · · · = fr k, = · · · = fr K, = fr, 1 . Thus, for every row, we should choose =k , ,… K in every row r

the most appropriate frequency fr for each AR value to be imposed in the balanced population. In the artificial final
population, the distribution of AR values will be balanced in all the treatments groups so as to balance all confounders

too. At the end of the matching procedure, eachAR r value will be present in the balanced population K f r times, with fr
individuals in each of the K treatment groups. The value for frmay be chosen according to different criteria. For example,

it may be the maximum, the mean, the median or the minimum of the frequencies in row .We define the referencer fr as

the median of the frequencies in row r:

f r =


1 if median(f r,1, fr,2, ,… f r K, ) = 0

median(fr,1 , fr,2, ,… f r K, ) otherwise.
(4)

Instead of discarding all the AR valueswith median(fr,1 , fr,2 , ,… fr K, ) = 0, we set the minimum value of fr at 1 in order

to have a matched population that includes all the profiles in the real population. The choice of the value for fr affects

10970258, 2021, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
. B

y W
iley O

nline L
ibrary- on [17/09/2021]. R

e-use and distribution is strictly not perm
itted, except for O

pen A
ccess articles





SILAN  . 7

both the final dimension of the balanced dataset, and the performance of the MARMoT method in terms of balance, as

will be described in more detail in Section 5.1.5. Having established the frequency that each value of AR should have in

each treatment, the algorithm proceeds in three different ways, depending on the dimensions of fr t, and fr, for every r and

every t:

1. if fr t, = fr: all individualswithARr (that is theARvalue in row r t) in the treatmentgroup k are copied in the final dataset;

2. if fr t,  fr and fr t,  0: a random sample of size fr with replacement is selected from the group of individuals with the

same ARr in the treatment group t, and included in the final dataset;

3. if fr t, = 0: a randomsamplewith replacementof size fr is selected drawing from the individualswith anAR close enough

(with a given tolerance) toARr in treatment group , and included in the final dataset. If there are no individualswithint

the chosen tolerance levels of AR, then all individuals with an AR equal to ARr have to be discarded.

While points (1) and (2) only imply matching individuals with identical AR values, point (3) is the trickiest part
because it involves inexact matching, and possibly excluding some individuals from the final dataset. We define the tol-

erance interval as [ARr − 4
;ARr + 4

], considering as a caliper the value
4
, where SAR is the AR’s sample standard

deviation, similar to recommendations on caliper setting in the propensity score matching literature.36,37 Thus, if all fre-

quencies f .,t in treatment group that correspond to AR values included in the intervalt [ARr − 4
;ARr + 4

] equal 0,

subjects with AR value equal toARrwill be discarded in all the treatments groups. This criterion ensures that the overlap

assumption is respected.
As a final remark, the MARMoT method is strongly influenced by five fundamental aspects:

1. the number of individual’s characteristics considered, which directly affects the number of AR values (the number of

rows in Table 1);

2. thenumber of the levels of categorical variables and the inclusion of discrete variables thatmay increase the complexity
of the poset (and the number of rows in Table 1);

3. the number of treatments, that is, the number of columns in Table 1;

4. the size of the total population, N, which corresponds to N =


r


t fr t, ; and

5. the choice of fr that, as discussed above, affects both the final dimension of the balanced dataset and the quality of

matches.

Given the population size, an increase in one of the first three factors is expected to cause an increase of inexact

matching cases with a consequent worsening of the balancing. Instead, a higher population size is expected to improve

the algorithm’s performance. All these aspects will be examined in a sensitivity analysis in Section 5.
Once the MARMoT algorithm has matched the individuals and balanced the confounders, the ATENC can be

estimated.

4 SIMULATION STUDY

Before using the MARMoT method to estimate the neighborhood effect on real data, we tested it with some simulations

in two different scenarios considering a situation with 23 treatments. The R code used for the simulation study is reported

in Part B of the Supplementary Material.

4.1 Simulation design

To keep our simulation close to the real application of interest, we considered the real population of Turin and the indi-

viduals’ observed characteristics. Starting from the seven confounders described in Section 2, we simulated the treatment
allocation according to two different scenarios. Since the computation of theAR depends only on the confounders (which

come from the observed population and are not simulated artificially), and not on the treatment, AR values computed

directly on the observed data could be used, meaning that they were based exclusively on the real population, not on
simulated values.
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8 SILAN  .

In the first scenario, the treatment allocation equation is simple and close to the real situation. The treatment is

generated through a multinomial logistic model, taking neighborhood 20 (the one with the lowest crude hospitalized
fractures rate) as the reference category.

In order to choose values for the coefficients, we estimated a multinomial logistic model on the real data using the
whole population. These coefficients were perturbed by adding a random value from a uniform distribution between

− +0.01 and 0 01, and rounded up or down to three decimals. The small range for the uniform distribution guarantees.

coefficients’ perturbation without compromising the balance of confounders that remains close to the real situation.

The second scenario envisages a more complex treatment allocation equation, which includes all the interactions
between the seven variables considered. As in the first scenario, the choice of parameters for these treatment allocation

equations was based on those estimated by a multinomial logistic model, perturbed by a uniform distribution between

−0.1 and +0 1 (also in this case the range of the uniform distribution is chosen as a trade-off between perturbation and.

balance), and rounded up or down to three decimals.

4.2 Results

The main results of the simulations are shown in Table 2, where column S indicates the above-described treatment allo-
cation scenarios (coded as 1 for the linear and additive, and 2 for the one with interactions). The first part of Table 2

shows the results of the simulation as described in the previous section, the differences between the scenarios and the

differences in the distribution of the individuals among the neighborhoods.
We examined the initial balance in the two scenarios in all 1000 replications using the ASB. Having 23 neighborhoods

and seven variables (for a total of 24 levels), we chose to summarize the information by computing the minimum, first
quartile, mean, median, third quartile, and maximum of all the ASB, counting ASB values over 5% and 10% for each

replication. The means of these values among all 1000 simulations before and after the balancing procedure for each

scenario are given in Table 3. The balance was much improved in both scenarios after the matching procedure, which

fixed even extremely unbalanced situations. After matching, the mean number of ASB over 10% corresponded to one
tenth of the number beforehand. The central part of Table 2 shows the means (over the 1000 replications) of the number

of ASB higher than 5 before and after adjusting for each neighborhood. From these results, we can see that our% and 10%

MARMoT method greatly improves the balance of confounders among neighborhoods: it achieves a five-fold reduction
in the number of ASB over 5 , in both scenarios.% %, and an almost 10-fold reduction in those over 10

5 EMPIRICAL RESULTS AND SENSITIVITY ANALYSIS

In this section, we use our MARMoT technique to estimate neighborhood effects considering 10 districts, 23 smaller
areas and 70 zones. Moreover, in order to explore limits and strengths of our proposal, we conduced also a sensitivity

analysis to observeMARMoT-s performance depending onmeaningfulmodifications of the fundamental aspects enlisted

in Section 3.2.

5.1 Sensitivity analysis

As explained in Section 3.2, there are five aspects that affect MARMoT performance: the number of considered con-

founders, the number of levels of categorical variables, the number of treatments, the size of the total population and the

choice of the frequency reference fr for every row. In order to assess their impact on MARMoT’s performance as a bal-

ancing procedure, we modified each of this aspect at the time and we assessed MARMoT performance, using as a basis

for comparison the application (also reported in Table 4, as bold text) on the whole population with 23 treatments that
considers all the variables and all the levels we described as confounders in Section 2.4. The findings are summarized

in Table 4 in terms of balance and some diagnostic measures about the MARMoT procedure. In order to summarize the
information coming fromall the computed ASB,we computed the minimum, first quartile, mean, median, third quartile,

and maximum of all the ASB, counting ASB values over 5% and 10%. Regardless of the modification made in the sensi-

tivity analysis, the balance is always computed on the basis of the same variables and levels (seven variables for a total
amount of 24 levels).Moreover, in order to assess theMARMoTproceduremore broadly, we reported also some additional
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TABLE 3 Mean of ASB summary statistics in the first and second scenarios before and after balancing among 1000 simulations

Scenario Balance Min First quartile Median Third quartile Max Mean Over 5% Over 10%

First Before 0.01 1.98 4.43 9.59 63.72 8.01 252 132

After 0 0.58 1.30 2.59 16.95 2.12 52 15

Second Before 0.02 2.42 5.63 11.89 68.41 9.10 297 175

After 0 0.62 1.37 2.71 16.84 2.24 60 18

diagnostic measures such as: the percentage of inclusion (% of inclusion) that represents the proportion of individuals of

the initial population included in the final balanced sample; the average number of times each individual is repeated in
the final population (Rep. mean); the maximum number of times that an individual is duplicated in the balanced dataset

(Rep. max), the size of the neighborhood (which is the same in all neighborhoods after the balance, while it is reported

the average in the rows that represent the situation before the balance, markedwith  ) and the size of the total population.
We suggest the applied researcher to always report these diagnostics to improve the transparency of the analyzes.

5.1.1 The number of individual’s characteristics

Starting from the list of seven variables described in Section 2.4, we run the MARMoT procedure three times excluding

a different variable at the time: age, last known occupational condition and region of birth. These three variables have
five levels each, in this way the algorithm deals with the same number of theoretical profiles (1200 instead of 6000 as in

the basis for comparison). Results are summarized in the first three rows of Table 4. In general, with a reduced number

of variables to be balanced among neighborhoods, ASBs after matching are lower than in the basis for comparison for all
the variables, with the exception of course of the variable that was excluded from the balancing procedure. The balance of

the removed variable is improved by the MARMoT procedure anyway, but it still shows high levels of ASB in some cases.

Differences observable in Table 4 are due to differences in the initial balance of the excluded variable before theMARMoT
procedure: indeed, for instance, agewasalreadyalmostwell balanced in the initial situation, thus, afterMARMoT, balance

is very satisfactory.

5.1.2 The number of levels of categorical variables

In order to explore the behavior of the MARMoT procedure with different numbers of levels of categorical variables, we

considered two scenarios: one in which several levels were aggregated (864 theoretical profiles) and one in which some

levels were disaggregated (12 800 theoretical profiles) with respect to the basis of comparison (6000 theoretical profiles).
Both scenarios in Table 4 show worse ASBs compared to the basis for comparison, however their ASB values tell two

completely different stories. In the first scenario, the one with aggregated levels, all the high ASB values are placed in

correspondence of the levels that are aggregated,while in all the others the balance is satisfactorily achieved.On the other
hand, in the second scenario the high ASB levels are scattered among all the variables.

The conclusions that we draw from these scenarios give us some important guidelines regarding the number of vari-

ables and levels that should be selected to be considered in the MARMoT procedure. Indeed, with 23 treatments and
225 828 subjects in the whole population, when the number of theoretical profiles is lower than in the basis for compar-

ison, variables and levels considered in the balancing procedure are perfectly balanced, while with a higher number of

theoretical profiles the algorithm provides a not perfectly balanced dataset. In other words, there is a delicate equilibrium
between the number of theoretical profiles considered in the balancing procedure and the quality of the balance in the

final dataset that is reflected in a trade-off between the need to include all the possible confounders and the quality of the

resulting balance.

5.1.3 The number of treatments

As explained in Section 2.3, Turin may be divided into three geographical partitions: 10 districts, 23 areas, and 70 zones.

As a basis of all the comparisons in this section we have chosen the 23 areas partition, but we examined MARMoT’s
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F IGURE 1 Mean of ASB before and after MARMoT and neighborhood effect estimates ( 100) for three geographicalATENC 

partitions (10 districts, 23 areas, and 70 zones) and the correspondent -values. In white excluded zones [Colour figure can be viewed atp

wileyonlinelibrary.com]

performance also with a lower (10) and a higher (70) number of treatments. The procedure to balance the 10 districts

took less than 18 minutes, the one for the 23 areas took 36 minutes, and the balancing of the 70 zones took 116 minutes.
Table 4 shows that the MARMoT method substantially reduces the ASB with all three partitions considered, but slightly

less successfully in the case of the 70 zones.

The balance in the 10 treatments case is easier to reach than for the other partitions, indeed the mean ASB after the
balancing procedure is lower than 1 , while in the 23 treatments case the mean ASB is almost 2 .% %

Themean ASB computed for the 70 zones decreases from around 10 in the% %before theMARMoT adjustment to 5 7.

matched dataset. Before matching, the majority of the 70 considered zones had at least half of the computed ASB higher
than 5%, while after MARMoT adjustment the number of these zones is halved and the number of zones with half of the

computed ASB higher than 10% %is null. The percentage of zones with a quarter of the computed ASB higher than 10

decreases from around 63% %before the matching, to 21 4. after the MARMoT adjustment.
In the first two columns of Figure 1, we plot the mean of the ASB of the variables in each neighborhood before and

after the MARMoT procedure in order to visualize areas that are more difficult to balance and those that were more

unbalanced in the initial situation. As a general observation, the two areas that are highly unbalanced and difficult to
balance are the city center and a neighborhood in the south of Turin, called “Mirafiori Sud”. The composition of “Mirafiori

Sud” is quite different from that of the rest of neighborhoods, indeed, in this neighborhood there is a higher percentage of

men, individuals born in the South of Italy, subjects with primary or lower education than in the rest of Turin. Moreover,
the most common last occupations are home-makers and laborers.

Considering smaller areas also enabled us to identify neighborhood effects in a greater geographical detail, even

though it was more difficult to balance and it proved necessary to discard some of the 70-zone partition (white area in
Figure 1) because they are scarcely populated. Indeed, the eastern part of the city (in white) is hilly and essentially very

different and scarcely comparable with the rest of Turin, while the other discarded neighborhoods are mainly occupied

by graveyards and factories.
In the population balanced among 10 treatments, 61 92 of the total initial population is included. Subjects excluded. %

are discarded because they were over represented in the initial population and not for lack of overlap. In general,
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individuals in the balanced population are repeated 1.662 times on average, with a maximum of 32 repetitions. Every

neighborhood contains 23 239 subjects after the balancing procedure. Increasing the number of treatments, the percent-
age of inclusion in the balanced population increases, as the number of times that subjects are repeated (as reported in

Table 4).

5.1.4 The size of the total population

In order to assess the importance of the size of the total population in the MARMoT balancing procedure we consid-

ered four scenarios by sampling the real population in four different ways: three samples are selected keeping the real

distribution of subjects among treatments, but with different sizes (the 75%, 50% %, and 25 of the original population);
and the fourth sample contains an equal number of subjects in every treatment group (chosen as half of the mean size of

neighborhoods in the basis for comparison).
When the population that needs to be balanced decreases, balance reachedafterMARMoT procedure isworse because

it is more difficult to find matches. Subjects are repeated more frequently in the balanced sample in order to overcome

this issue and the percentage of individuals included in the final balanced population increases. However, reducing the

size of the whole population, it becomes necessary to exclude some profiles ( 1 ) because they do not belong to the< %

overlapping region of all treatments. However, those few discarded subjects hardly affect final results and estimates of

the neighborhood effect.

The scenario where we forced an equal neighborhood size presents a slightly better balance than the scenario with a
sample that is half of the whole population, but this corresponds to a slightly better balanced initial situation.

5.1.5 The choice of the frequency reference fr for every row

The choice of the frequency reference fr for every row is a methodological issue that influences the final results of the

MARMoT procedure. We have selected the expression (4) to establish fr in order to have a final balanced dataset that

presents a size similar to the analyzed population, having as much profiles as possible among those contained in the real

population and keeping low the number of subjects repetitions.
Other choices would be less favorable in the delicate trade-off between the variety of profiles and the repetition of

subjects in the final balanced dataset. For instance, when we defined fr as fr = (maximum fr,1 , fr,2 , ,… fr K, ) (as in the
second-last row of Table 4), the balanced dataset contained more than three times the individuals included in the bal-

anced dataset obtained with the fr definition in formula (4). Moreover, even if the percentage of inclusion is higher than

in the basis for comparisons, subjects are repeated 2.758 times on average, with a maximum of 120 times. In this case the

balance is not worse than the balance obtained with fr defined as in expression (4). On the other hand, if we define f r as

fr = (minimum fr,1, fr,2, ,… f r K, ) (as in the last row of Table 4), several individuals would be discarded because they do not

perfectly fit the overlap space between treatments. The balance is perfectly reached, but the final balanced sample would

be smaller and far from the real analyzed population, containing less than 10 of it.%

5.2 The estimation of neighborhood effect

Wecomputed theATENC for each neighborhood, considering in turn each of the three geographical partitions (full results

are collected in Part C of the SupplementaryMaterial). Because fracture is a rare event, we plottedATENC times 100 in the
third column in Figure 1. As a general consideration, if we consider a partition with few big neighborhoods, the estimated

effects aremore smoothed than in partitions with many small neighborhoods. The fourth column of Figure 1 displays the

p-values corresponding to the different estimated ATENCs. The standard errors have been estimated accounting for the
repetitions of individuals in the matched dataset. To deal with multiple testing, in the Supplementary Material (Part C)

we also indicate whether a False Discovery Rate below certain thresholds (1%, 5%, 10%) is guaranteed or not according
to the Benjamini–Hochberg procedure.38

In the 23 areas partition, for instance, there is a particularly virtuous neighborhood that is called “Regio–Parco” in

the North-East of Turin (the one in light blue) where the ATENC multiplied by 100 is equal to 0 414 (− . p-value < .0 01).
This means that this neighborhood has a protective role in the occurrence of fractures among older individuals reducing,
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on average, the number of outcomes by one every about 240 residents with respect to residents in the rest of Turin. This

neighborhood is also the safest one in the city both in terms of the quality of its streets and because of low crime rate.16

On the other hand, the neighborhood that seems to have the most negative impact on the risk of suffering a hospitalized

fracture by the older individuals is the “Lingotto”, colored in red, in the South of the city. In fact, on average living in
this neighborhood (and not in another one in the rest of the city) increases of one hospitalized fracture every about 265

subjects (ATENC  100 equal to 0.377 with p-value equal < 0.05).

6 CONCLUSIONS

The aim of this paper was to develop and evaluate an original approach, based on poset theory, to balance confounders in
a multiple-treatment framework. Themain idea behind our method, that we labeledMARMoT, was to obtain a dataset in

which each poset-based AR value that summarizes the combinations of confounders, was equally represented in all the
treatment groups. The MARMoT approach proved very useful in balancing for the confounders. The computation time

required is acceptable, even in the case of 70 different treatments. Despite the similarities that our approach shares with

template matching, theMARMoT technique is not based on the choice of a template and in the empirical application the

final balanced population comprises all the profiles initially included in the population.
Our method enabled us to estimate the neighborhood effect on hospitalized fractures involving older people, consid-

ering different geographical partitions (10 districts, 23 smaller areas, and 70 more circumscribed zones) adjusting for the

different composition of the neighborhoods. Indeed, once Turin residents over 60 years old residing in different Turin’s
neighborhoods have a comparable composition with respect to confounders distribution, it is possible to evaluate dif-

ferences among their distribution of hospitalized fractures. This information will be useful to the Piedmont Region’s
Epidemiological Service to implement prevention policies for Turin’s population and urban interventions focusing on the

neighborhoods at greatest risk.

The choice of the geographical scale is a very important issue in neighborhood studies, and several authors have

suggested considering different scales, and examining neighborhood effects in more detail, in order to better discern
which geographical scale is more relevant to the examined phenomena.11Using our MARMoT method, neighborhood

effects can be estimated and compared in different geographical partitions, enabling an assessment of the sensitivity of

neighborhood effect estimates to different choices of geographical scale.
Moreover, after the matching step has been implemented with the MARMoT approach, it is possible to implement

and perform other analyzes on the balanced datasets, for instance one could use bias correctionmethods similar to those
used after other matching algorithms. In addition, we believe that a promising avenue for future studies is the application

of multilevel models, which is a commonly adopted approach in neighborhood studies, on MARMoT-matched datasets.

Our approach is particularly useful in the presence of a nominal treatment variable with many levels. In fact, our

matching approach only exploits the possibility to (partially) order individuals in the space of confounders and, differently
from other methods (eg, based on the propensity score) it does not allow per se to exploit the possibility to order the levels

of the treatment variable in case of ordinal treatments. Of course, one could exploit the ordered nature of the treatment

in the outcome analyzes, that is, in the estimation of causal effects.
As allmatchingmethods,MARMoTmay imply discarding units in a treatment group that cannot find a suitablematch

in other treatment groups (nonoverlap).We suggest the applied research to always inspect the number and characteristics
of the discarded units to better understand the subpopulation on which the estimand can be estimated. However, it is

worth noticing that in our application we did not discard any unit.

Our results show that when the considered number of treatments is very high (70 in our application), there is still
roomfor improving theMARMoT’s performance. As pointed out by our sensitivity analysis, there is a delicate equilibrium

between the different choices involved in the implementation of the method. Indeed, reducing the number of variables or

levels considered in the balancing procedure allows to take into account a higher number of treatments or a smaller pop-

ulation for the analysis. In future work we plan to examine, with extensive simulation studies, how the choices involved
in the implementation of the MARMoT approach affect its performance. This will allow refining an already promising

technique.

ACKNOWLEDGEMENTS

The authors thank Prof. Giuseppe Costa and his collaborators of the Unit “SCaDU Servizio Sovrazonale di Epidemiolo-
gia” in Grugliasco (Turin, Italy) for their useful suggestions and support in the data management. The data used for the

10970258, 2021, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
. B

y W
iley O

nline L
ibrary- on [17/09/2021]. R

e-use and distribution is strictly not perm
itted, except for O

pen A
ccess articles





SILAN  . 15

research have beenmanaged following a formal agreement between the SCaDU Service and theDepartment of Statistical

Science of the University of Padova. This paper was developed thanks to the post doctoral fellowship inside the project
“Causal inference approaches to reduce the selection bias in presence of a huge number of treatments” funded by the

Department of Statistical Sciences, University of Padua.

CONFLICT OF INTEREST

The authors declare no potential conflict of interests.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the Unit “SCaDU Servizio Sovrazonale di Epidemiolo-

gia” inGrugliasco (Turin, Italy). Restrictions apply to the availability of these data, which were used under license for this
study. Under request, authors may generate a faked dataset as an example.

ORCID

Margherita Silan https://orcid.org/0000-0001-5541-0603

REFERENCES

1. Oakes JM. The (mis)estimation of neighborhood effects: causal inference for a practicable social epidemiology. Soc Sci Med.

2004;58(10):1929-1952.

2. Austin PC. An introduction to propensity scoremethods for reducing the effects of confounding in observational studies.Multivar Behav

Res. 2011;46(3):399-424.

3. Rosenbaum PR. Model-based direct adjustment. J Am Stat Assoc. 1987;82(398):387-394.

4. McCaffrey DF, Griffin BA, Almirall D, Slaughter ME, Ramchand R, Burgette L. A tutorial on propensity score estimation for multiple

treatments using generalized boosted models. Stat Med. 2013;32(19):3388-3414.

5. Lopez MJ, Gutman R. Estimation of causal effects with multiple treatments: a review and new ideas. Stat Sci. 2017;32(3):432-454.

6. Yoshida K, Hernández-Díaz S, Solomon DH, et al. Matching weights to simultaneously compare three treatment groups: comparison to

three-way matching. Epidemiology. 2017;28(3):387-395.

7. Rose S, Normand SL. Double robust estimation for multiple unordered treatments and clustered observations: evaluating drug-eluting

coronary artery stents. Biometrics. 2019;75(1):289-296.

8. Brown DW, DeSantis SM, Greene TJ, et al. A novel approach for propensity score matching and stratification for multiple treatments:

application to an electronic health record derived study. Stat Med. 2020;39(17):2308-2323.

9. YuY, ZhangM, ShiX, CaramME, Little RJ,MukherjeeB.A comparison of parametric propensity score-basedmethods for causal inference

with multiple treatments and a binary outcome. Stat Med. 2021;40(7):1653-1677.

10. Silber JH, RosenbaumPR, RossRN, et al. Template matching for auditing hospital cost and quality. Health Serv Res. 2014;49(5):1446-1474.

11. ArcayaMC,Tucker-SeeleyRD,KimR, Schnake-MahlA, SoM, Subramanian SV.Research onneighborhood effects on health in the United

States: a systematic review of study characteristics. Soc Sci Med. 2016;168:16-29.

12. Diez Roux AV. Investigating neighborhood and area effects on health. Am J Public Health. 2001;91(11):1783-1789.

13. Ambrose AF, Paul G, Hausdorff JM. Risk factors for falls among older adults: a review of the literature.Maturitas. 2013;75(1):51-61.

14. Barnett DW, Barnett A, Nathan A, Van Cauwenberg J, Cerin E. Built environmental correlates of older adults’ total physical activity and

walking: a systematic review and meta-analysis. Int J Behav Nutr Phys Act. 2017;14(1):103.

15. Melis G, Gelormino E, Marra G, Ferracin E, Costa G. The effects of the urban built environment on mental health: a cohort study in a

large northern Italian city. Int J Environ Res Public Health. 2015;12(11):14898-14915.

16. Costa G, Stroscia M, Zengarini N, Demaria M. 40 anni di salute a Torino, spunti per leggere i bisogni e i risultati delle politiche; 2017.

17. Braitman LE, Rosenbaum PR. Rare outcomes, common treatments: analytic strategies using propensity scores. Ann Intern Med.

2002;137(8):693-695.

18. HuL, GuC, LopezM, Ji J,Wisnivesky J. Estimation of causal effects ofmultiple treatments in observational studies with a binary outcome.

Stat MethodsMed Res. 2020;29(11):3218-3234.

19. Imbens GW. The role of the propensity score in estimating dose-response functions. Biometrika. 2000;87(3):706-710.

20. Lechner M. Program heterogeneity and propensity score matching: an application to the evaluation of active labor market policies. Rev

Econ Stat. 2002;84(2):205-220.

21. Linden A, Yarnold PR. Combining machine learning and propensity score weighting to estimate causal effects in multivalued treatments.

J Eval Clin Pract. 2016;22(6):875-885.

22. Linden A, Uysal SD, Ryan A, Adams JL. Estimating causal effects for multivalued treatments: a comparison of approaches. Stat Med.

2016;35(4):534-552.

23. Cannas M, Arpino B. Comparison of machine learning algorithms and covariate balance measures in propensity score matching and

weighting. Biom J. 2019;61(4):1049-1072.

10970258, 2021, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
. B

y W
iley O

nline L
ibrary- on [17/09/2021]. R

e-use and distribution is strictly not perm
itted, except for O

pen A
ccess articles





16 SILAN  .

24. Brüggemann R, Patil GP. Ranking and Prioritization for Multi-indicator Systems: Introduction to Partial Order Applications. Berlin,

Germany: Springer Science & Business Media; 2011.

25. Davey BA, Priestley HA. Introduction to Lattices and Order. Cambridge, MA: Cambridge University Press; 2002.

26. Dyer M, Frieze A, Kannan R. A random polynomial-time algorithm for approximation the volume of convex bodies. J ACM .

1991;38(1):1-17.

27. De Loof K. Efficient Computation of RankProbabilities in Posets [PhD thesis]. Ghent University; 2009. https://biblio.ugent.be/publication/

874495.

28. Fattore M. Partially ordered sets and the measurement of multidimensional ordinal deprivation. Soc Indic Res. 2016;128(2):835-858.

29. Lerche D, Sorensen P. Evaluation of the ranking probabilities for partial orders based on random linear extensions. Chemosphere.

2003;53:981-992.

30. Brüggemann R, Carlsen L. An improved estimation of averaged ranks of partial orders. MATCH Commun Math Comput Chem.

2011;65:383-414.

31. De Loof K, De Baets B, De Meyer H. Approximation of average ranks in posets.MATCH Commun Math Comput Chem. 2011;66:219-229.

32. Caperna G. Approximation of AverageRank by means of a formula; 2019. https://doi.org/10.5281/zenodo.2565699

33. Caperna G. Partial order theory for synthetic indicators [PhD thesis]. University of Padova; 2016. http://paduaresearch.cab.unipd.it/9588/

34. Boccuzzo G, Caperna G. Evaluation of Life Satisfaction in Italy: Proposal of a Synthetic Measure Based on Poset Theory. New York, NY:

Springer; 2017:291-321.

35. Caperna G, Boccuzzo G. Use of poset theory with big datasets: a new proposal applied to the analysis of life satisfaction in Italy. Soc Indic

Res. 2018;136(3):1071-1088.

36. CochranWG, Rubin DB. Controlling bias in observational studies: a review. Sankhyā Ind J Stat Ser A. 1973;35(4):417-446.
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