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1 | BACKGROUND

Abstract

Purpose: Greedy caliper propensity score (PS) matching is dependent on randomness,
which can ultimately affect causal estimates. We sought to investigate the variation
introduced by this randomness.

Methods: Based on a literature search to define the simulation parameters, we simu-
lated 36 cohorts of different sizes, treatment prevalence, outcome prevalence,
treatment-outcome-association. We performed 1:1 caliper and nearest neighbor
(NN) caliper PS-matching and repeated this 1000 times in the same cohort, before
calculating the treatment-outcome association.

Results: Repeating caliper and NN caliper matching in the same cohort yielded large
variations in effect estimates, in all 36 scenarios, with both types of matching. The
largest variation was found in smaller cohorts, where the odds ratio (OR) ranged from
0.53 to 10.00 (IQR of ORs: 1.11-1.67). The 95% confidence interval was not consis-
tently overlapping a neutral association after repeating the matching with both algo-
rithms. We confirmed these findings in a noninterventional example study.
Conclusion: Caliper PS-matching can yield highly variable estimates of the

treatment-outcome association if the analysis is repeated.

KEYWORDS
greedy, matching, caliper matching, matching, nearest neighbor matching,
pharmacoepidemiology, propensity score, simulation

Besides using the PS for adjustment, weighting, or stratification®, using

the PS for matching is a popular way to achieve cohorts with compara-

In observational research, treatment allocation is not random, but allo-
cated by the treating physician. Therefore, patient characteristics will
likely influence the physician's decision to give a patient a certain
treatment, or notl. Adjusting for these characteristics can decrease

this bias, and the propensity score (PS) is often used for this purpose?.

ble baseline characteristics*®.

Greedy caliper matching is a popular method used in PS matching®.
This method orders the treated subjects, and the first treated subject
is randomly matched to an untreated (or alternatively treated) subject
with a PS that is within a predefined caliper width. The initial ordering of
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subjects is often done randomly but may also be based on a subject's PS
or other parameters. In addition to caliper matching, nearest neighbor
(NN) caliper matching is often used, where the treated subject is matched
to an untreated subject that has the closest propensity score within the
caliper. Both methods do not consider that the untreated subject can
potentially form a better pair with another treated subject that is further
down the line; hence they are “greedy” algorithms. Because of this, both
methods are dependent on the random order in which the treated sub-
jects are placed, if patients are not ordered based on their PS. In addition,
caliper matching is also dependent on which untreated patient within the
caliper is randomly matched.

Most statistical programs use a pseudo-random ordering, which
can allow for the random ordering to be reproduced if the same ran-
dom seed is used. However, how much the matching, and ultimately
the estimated treatment effect, can differ with a different random
seed, is unknown. We evaluated the extent to which observational
studies analyzed using greedy caliper PS matching with random order-
ing and greedy NN caliper PS matching are susceptible to variable
results due to the randomness in the matching.

2 | METHODS

The study consisted of three parts. First, we conducted a review of
matching procedures used in epidemiologic studies to identify real-
istic scenarios for a simulation study. Second, we repeatedly
applied PS matching in several simulated cohorts. Third, we sought
to replicate the findings in a real observational study of drug

effectiveness.

21 | Literature search

We performed a literature search to find realistic parameters for our
simulation. In PubMed, we searched for “propensity score” AND
((Imatch] OR matched) OR matching), filtering core clinical journals as
defined by PubMed. The search was performed on August
22, 2019. We selected the 50 most recently published phar-
macoepidemiology studies using PS matching, and 50 studies that
were not pharmacoepidemiology, as defined by two independent
reviewers (J.K. and A.T.). From these articles, we identified the
matching algorithm that was used, which statistical program was
used, the sample size, the treatment prevalence, the outcome prev-
alence, and the strength of the association between treatment and
outcome. These parameters were used to determine the parame-

ters of the simulation study.

2.2 | Datasimulation

We simulated a range of cohorts based on scenarios identified through
our literature search. We simulated cohorts of different sizes (500, 2500,
10 000), different treatment prevalence (20%, 50%), different outcome

Key Points

o Greedy caliper propensity score matching is the most fre-
quently used matching algorithm.

e Repeating greedy caliper propensity score matching in
the same cohort yielded high variation in the treatment-
outcome association.

e The confidence interval of the treatment-outcome asso-
ciation did not consistently overlap a neutral association
after repeating the matching procedure in the same
cohort.

o This variation was largest in cohorts with lower outcome
prevalence, in which propensity score matching is fre-
quently used.

e Our
pharmacoepidemiologic study, comparing two anti-

findings were confirmed in a real-life
thrombotic treatments and the risk of stroke in patients

with atrial fibrillation.

prevalence (10%, 50%), and different associations between treatment
and outcome (OR of 0.75, 1.0, 1.5), yielding 36 scenarios.

For the simulation of the cohorts, we used a 2-step process to
define covariates. First, we created 8 variables (X;- - -Xg): 6 binary vari-
ables (X;---X¢) and 2 continuous variables (X7, Xg). X; through X¢
were randomly drawn from a binomial distribution and had a preva-
lence of 0.2 and both X5 and Xg were drawn from a normal distribu-
tion and had a mean of O and a variance of 0.5 unit. All covariates
were independent of each other. Based on these variables, we defined
the probability of treatment T using a logistic model, and then simu-

lated T from these probabilities:
p(T|X1---Xg) = (1 +exp(— (ao + a1 X1 +... + agXg)))

Finally, we simulated outcome Y based on the probability of

Y given all eight variables and the treatment T, using a logistic model:
P(Y|T X1 Xg) = (1+exp(— (B +f1 X1 +...+ fgXe + 7 T)))

The range of values used in the models in different scenarios is
presented in Table 1. The parameter values ag and So were chosen to
result in the desired prevalence for T of 0.2 and 0.5 and for Y of 0.1
and 0.5.

2.3 | Propensity score matching
In all 36 generated cohorts, we applied greedy caliper matching, with
and without using NN. First, in all 36 cohorts, we used logistic regres-

sion to calculate the probability for the treatment based on the
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Variable® Prevalence/mean(var)® OR;¢ Parameter ORy!
X1 0.2 2 o 1

Xz 0.2 1 o 2

X3 0.2 0.5 oz 0.5
Xa 0.2 2 oy 0.5
Xs 0.2 1 os 1

Xe 0.2 0.5 o6 2

Xz 0(0.5) 1.5 oz 0.5
Xs 0(0.5) 0.5 ag 15

T 0.2,0.5¢ oo 0.75,1.0,15
Y 0.1,0.2f

TABLE 1  Parameters for the
simulation study and the corresponding
P values

P2
Ps
Pa
Ps
Ps
B7
Ps
Bo
Po

Parameter

Note: Parameters were chosen based on the results from the literature review to create different
scenarios with two levels of treatment prevalence, two levels of outcome prevalence, and three different

treatment-outcome associations.
2Variable X; through X, are binary variables. Variable X, and Xg are continuous variables.

bPrevalence for all binary variables (X4 through X,) and mean with variance for all continuous variables

(X7 and Xg)

“Odds ratio for the relation between parameter o and the treatment T, corresponding to formula 1.
40dds ratio for the relation between parameter B and the outcome Y, corresponding to formula 2.

*Treatment prevalence of 20% and 50% in the whole population (approximate number).
fOutcome prevalence of 10% and 20% in the whole population (approximate number).
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FIGURE 1 Scatterplot of the distribution of odds ratios in the 1000 matched sets after caliper matching and after nearest neighbor caliper

matching in the different simulation scenarios

simulated covariates, which was used as the PS. Then we used both literature search and which is the default option in most statistical

matching methods in a 1:1 fashion without replacement and with a packages. We varied the caliper width using 0.2 and 0.01 of the stan-

random ordering of treated patients, as was most used in the dard deviation of the propensity score (SDys). In all 36 cohorts, we
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replicated both matching algorithms 1000 times with a different
random seed for each repetition, to create a different order for each
repetition. In all 1000 matched sets, we performed a conditional logis-
tic regression for matched pairs, only including treatment and out-
come, to calculate the association between treatment and outcome
after matching. All statistical analyses were performed with statistical
software R version 3.4.2 and RStudio Desktop version 1.1.463. We
used a modification of the “Matchlt” package for the matching proce-
dures’. That is, in the Matchlt package it is by default not possible to
perform NN caliper matching, but only NN matching without calipers
or caliper matching without NN. The modification allowed us to per-
form NN caliper matching.

We present the median, interquartile range (IQR), and full range
of the 1000 ORs, coming from the corresponding 1000 matched
sets. Second, we present the unadjusted OR in the full cohort. Third,
we present the proportion of matched sets that yielded statistically
significant results, both positive and negative (ie, 95% confidence
interval of the OR not containing 1). Fourth, we present the propor-
tion of matched sets that were unsuccessfully matched (ie, at least
one of the covariates had a standardized mean difference [SMD]
> 0.1 after PS matching). We performed a sensitivity analysis in
which we excluded all unsuccessfully matched cohorts. Fifth, we
present the mean number of matched subjects. We only present the
results for the matching with a caliper width of 0.2 SD. The results
after matching with a caliper width of 0.01 SD can be found in the
appendix.

24 | Real-life dataset

We used the Stockholm Healthcare database for confirmation of our
findings from the simulation dataset in a real-life setting. The database
has been described elsewhere®. In short, the database contains demo-
graphic information for all Stockholm residents (n = 2.3 million), ATC-
codes for dispensed drugs, and ICD-10 codes for inpatient and outpa-
tient diagnoses from primary and secondary care.

From this database, we selected all patients prescribed with a
vitamin K antagonist (VKA) or a non VKA oral anticoagulant (NOAC)
with a prior diagnosis of atrial fibrillation (ICD-10: 148) and no claim
for any oral anticoagulant (OAC) in the year prior to inclusion. To vary
the sample size of the cohort, we created the smallest cohort includ-
ing patients initiated in the last quarter of 2013, a medium cohort
including all patients initiated in 2013, and a large cohort of patients
initiated in 2013 until 2015. The first prescription was defined as the
index date and patients were followed for a maximum of one year.
Patients were censored when they emigrated, died, or suffered from
an outcome. The outcome of interest was a composite of an ischemic
stroke, unspecified stroke or transient ischemic attack (TIA), registered
as an ICD-10 code in a hospital setting and requiring acute care, as
was done previously®.

We used a PS matched intention-to-treat analysis to assess the

association of NOACs versus VKA and the risk for the composite

endpoint. The propensity score was the probability of receiving a
NOAC compared to a VKA, calculated using logistic regression. In the
logistic regression model, we used the components of the CHA,Ds,-
VASC score (age, sex, heart failure, hypertension, prior stroke/TIA/
embolism, vascular disease, and diabetes), registered in the 5 years
prior to index datel®.

We used both 1:1 caliper matching and 1:1 NN caliper matching
with a caliper width of 0.2 SD,s or 0.01 SD,s without replacement.
We replicated the matching procedure 1000 times with a different
random seed for each repetition. In each matched set, we used a strat-
ified Cox proportional hazards model for matched pairs to assess the
association of NOAC vs VKA with the risk for the composite

outcome.

3 | RESULTS

3.1 | Literature search

We assessed 100 articles. Of the 72 articles mentioning the kind of
matching algorithm used, 51 used nearest neighbor matching (32 with
a caliper), 17 used caliper matching, two used 5:1-digit matching, one
used optimal matching, and one used kernel matching. SAS was men-
tioned in 32 articles, R in 25, SPSS in 17, and STATA in 14. The
Matchlt package in R was the most frequently mentioned package
(n = 13) but most often no package, macro, or program was mentioned
atall (n =79).

3.2 | Simulation study

Repeating the PS matching 1000 times with a different random seed
yielded wide variation in the OR for the association of treatment and
outcome, especially in caliper matching and less in NN caliper
matching (see Figure 1 and Table 2, 3, and 4; Table Ala-c). The varia-
tion was largest with caliper matching in a sample size of 500, where
the smallest OR was 0.53 (Cl: 0.23-1.26) and the largest was 10.00
(Cl: 1.28-78.1) with an IQR from 1.11 to 1.67.

Originating from the same cohort, some matched sets yielded a
95% confidence interval that overlapped 1, while other matched sets
did not, both after applying caliper matching as in NN caliper
matching. For example, in a cohort with a simulated OR of 1.5
(n = 2500), in 37.9% of the cases after caliper matching and in 38.2%
of the cases after NN caliper matching, the 95% confidence interval
did not overlap 1, while in the other cases it did.

When only including successfully matched sets, i.e., only sets with
all covariates having a SMD < 0.1 after matching, the variation was
smaller for both caliper matching as nearest neighbor caliper matching
(see Appendix Tables A2a-c and Appendix Tables A3a-c). After remov-
ing all unsuccessful matched sets, there were still sets yielding a 95%
confidence interval that overlapped 1, while other sets did not, both

with caliper matching as NN caliper matching.
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TABLE 2 Results from the 1000 matched sets in different scenarios with a simulated odds ratio of 0.75 and a caliper width of 0.2 SD ¢
%
Median Interquartile Full Unadjusted % Sign % Sign Mean n Unsuccessful
OR range OR range OR OR lowrisk  highrisk  matches matches
N = 10.000
Caliper matching T 50%,050%  0.75 (0.74-0.76) (0.69-0.81)  0.59 100.0%  0.0% 7266 0.0%
T20%, 050% 0.78 (0.76-0.80) (0.70-0.89) 0.58 99.9% 0.0% 3902 0.0%
T50%, 0 10% 0.76 (0.74-0.78) (0.67-0.84) 0.56 100.0%  0.0% 7049 0.0%
T20%,010% 0.79 (0.76-0.83) (0.66-1.03) 054 45.4% 0.0% 3902 0.0%
Nearest neighbor T 50%, 0 50%  0.75 (0.74-0.76) (0.71-0.79)  0.59 1000%  0.0% 7162 0.0%
:;‘tp;ring T20%,050% 074 (0.73-0.74) (0.72-0.76)  0.58 100.0%  0.0% 3898 0.0%
T50%, 010% 0.75 (0.74-0.76) (0.70-0.80)  0.56 100.0%  0.0% 6935 0.0%
T20%, 010% 0.86 (0.85-0.86) (0.83-0.89) 0.54 0.0% 0.0% 3898 0.0%
N = 2500
Caliper matching T 50%,050%  0.78 (0.76-0.79) (0.69-0.86)  0.62 97.6% 0.0% 1883 0.0%
T20%, 050% 0.78 (0.74-0.82) (0.61-1.02) 059 49.4% 0.0% 1048 3.1%
T50%, 010% 0.72 (0.69-0.75) (0.56-0.90)  0.52 48.2% 0.0% 1883 0.0%
T20%, 010% 074 (0.69-0.81) (0.55-1.13)  0.65 10.9% 0.0% 1038 3.6%
Nearest neighbor T 50%, O 50%  0.78 (0.76-0.79) (0.70-0.84)  0.62 99.6% 0.0% 1865 0.0%
:;‘tpc‘:ing T20%,050% 0.76 (0.75-0.77) (0.72-0.82)  0.59 91.6% 0.0% 1046 0.0%
T50%, 010% 0.77 (0.75-0.79) (0.67-0.88) 0.52 3.0% 0.0% 1865 0.0%
T20%, 010% 0.78 (0.76-0.80) (0.69-0.88)  0.65 0.0% 0.0% 1031 0.0%
N =500
Caliper matching T 50%,050% 0.73 (0.68-0.78) (0.51-1.00) 053 10.5% 0.0% 339 37.4%
T20%, 050% 0.71 (0.64-0.79) (0.39-1.22) 054 6.9% 0.0% 210 71.9%
T50%, 010% 0.67 (0.61-0.75) (0.33-1.18)  0.55 1.5% 0.0% 353 25.4%
T20%,010% 0.78 (0.67-1.00) (0.31-3.50)  0.60 0.2% 0.0% 202 76.2%
Nearest neighbor T 50%, O 50%  0.69 (0.65-0.73) (0.53-091) 0.53 19.6% 0.0% 335 41.2%
:;‘tp;ring T20%, 050% 0.63 (0.60-0.65) (0.52-0.73) 0.54 8.0% 0.0% 207 94.6%
T50%, 010% 0.86 (0.79-0.92) (0.57-1.08)  0.55 0.0% 0.0% 347 24.9%
T20%, 010% 0.71 (0.67-0.71) (0.63-0.75)  0.60 0.0% 0.0% 202 20.7%

Note: OR = odds ratio; T 50% = treatment prevalence 50%; O 50% = outcome prevalence 50%; % sign low/high risk = percentage of the 1000 matched

sets with a significantly increased or decreased risk.

3.3 | Reallife dataset

In line with the simulations, the largest variation was visible in the
smallest cohort (n = 1594) after caliper matching with a median HR of
0.94 (IQR: 0.82-1.06), ranging from 0.52 (ClI: 0.27-1.01) to 2.43 (Cl:
1.01-5.86). The variation was smaller in the large cohort and after NN
caliper matching (see Figure 2 and Table 5). Again, the 95% confi-

dence was nonconsistently overlapping 1 after repeating the matches.

4 | DISCUSSION

We used simulations and an empirical example to illustrate that there
can be large variation in point estimates when repeatedly applying the
greedy caliper PS matching algorithm, in which patients are randomly

ordered, on the same cohort. This variability was, to a lesser extent,

also visible when applying greedy NN caliper PS matching. With
increasing sample sizes, the variation decreased, but whether a value
of 1 was within the estimated confidence intervals after matching was
inconsistent after replication. In simulated cohorts with low outcome
prevalence, the variability was largest, while in these situations, pro-
pensity score methods (and thus matching) are frequently used. Using
a real-life dataset comparing NOACs to VKAs and the risk for stroke,
we confirmed these findings.

From our literature search, we found that the NN matching algo-
rithm was the most commonly used matching method, followed by
caliper matching. We found that the Matchlt package was the most
frequently used software package for matching (and the only package
mentioned when using R), and in this package it is not possible to per-
form NN caliper matching, but only caliper matching without NN or
NN matching without caliper. Interestingly, nine papers specifically

mentioned they used the Matchlt package for NN caliper matching,
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TABLE 3 Results from the 1000 matched sets in different scenarios with a simulated odds ratio of 1.0 and a caliper width of 0.2 SD¢
% Sign %
Median Interquartile Full Unadjusted % Sign high Mean n Unsuccessful
OR range OR range OR OR low risk  risk matches matches
N = 10.000
Caliper matching T 50%, O 50%  0.99 (0.98-1.01) (0.91-1.04) 077 0.0% 0.0% 7266 0.0%
T20%,050%  1.02 (1.00-1.05) (0.92-1.17) 076 0.0% 0.2% 3902 0.0%
T50%,010% 098 (0.96-1.00) (0.90-1.07) 0.74 0.0% 0.0% 7049 0.0%
T20%,010%  1.05 (1.01-1.10) (0.87-1.37) 0.72 0.0% 0.5% 3902 0.0%
Nearest neighbor T 50%, 0 50%  1.00 (0.99-1.01) (0.96-1.05) 0.77 0.0% 0.0% 7162 0.0%
?;itp;ring T20%,050% 0.97 (0.97-0.98) (0.95-1.00) 0.76 0.0% 0.0% 3898 0.0%
T50%, 010% 0.97 (0.96-0.99) (0.91-1.04) 0.74 0.0% 0.0% 6935 0.0%
T20%, 010% 1.14 (1.13-1.15) (1.09-1.18)  0.72 0.0% 0.0% 3898 0.0%
N = 2500
Caliper matching T 50%,050%  0.94 (0.92-0.97) (0.79-1.10)  0.77 0.2% 0.0% 1731 0.0%
T20%,050%  1.02 (0.96-1.07) (0.77-1.30)  0.68 0.0% 0.0% 954 4.3%
T50%,010%  1.01 (0.98-1.05) (0.85-1.17) 0.77 0.0% 0.0% 1823 0.0%
T20%,010%  1.00 (0.89-1.10) (0.65-1.72)  0.63 0.0% 0.0% 911 8.0%
Nearest neighbor T 50%, 0 50%  0.98 (0.96-1.00) (0.90-1.08) 0.77 0.0% 0.0% 1701 0.0%
:;itfliring T 20%,050% 0.97 (0.96-0.98) (0.91-1.03)  0.68 0.0% 0.0% 949 0.0%
T50%, 010% 095 (0.92-0.98) (0.82-1.07) 0.77 0.0% 0.0% 1809 0.0%
T20%, 0 10% 1.24 (1.21-1.25) (1.13-1.36)  0.63 0.0% 0.0% 907 0.0%
N =500
Caliper matching T 50%, 0 50%  1.02 (0.96-1.08) (0.73-1.35)  0.70 0.0% 0.0% 357 23.4%
T20%,050% 0.96 (0.87-1.09) (0.54-1.59) 0.74 0.0% 0.0% 190 83.6%
T50%,010%  1.00 (0.88-1.13) (0.53-2.57) 0.78 0.0% 0.1% 349 19.6%
T20%,010%  1.00 (0.78-1.20) (0.33-7.00) 0.60 0.0% 0.0% 190 83.6%
Nearest neighbor T 50%, 0 50%  1.08 (1.03-1.13) (0.89-1.34)  0.70 0.0% 0.0% 356 53.1%
?;itp;ring T20%, O 50%  1.08 (1.04-1.13) (0.92-1.30) 0.74 0.0% 0.0% 190 81.9%
T50%, 010%  1.00 (0.93-1.07) (0.67-1.43) 0.78 0.0% 0.0% 346 9.0%
T20%, 010% 117 (1.00-1.17) (0.83-1.17)  0.60 0.0% 0.0% 190 81.9%

Note: OR = odds ratio; T 50% = treatment prevalence 50%; O 50% = outcome prevalence 50%; % sign low/high risk = percentage of the 1000 matched

sets with a significantly increased or decreased risk.

and it could be those papers actually performed caliper matching
without NN, with the risk of high variability. As the statistical package
is not mentioned in most articles (n = 79), it is not possible to deter-
mine how the matching procedure took place. We recommend better
reporting of matching procedures used, including which statistical
software, as this can ultimately affect the results of a study, and is
necessary for study replication.

In addition, we found that approximately 50% of the studies were
conducted in a cohort with a sample size of 2500 or less. In our simu-
lation study, we showed that in these sample sizes the treatment
effects are largely influenced by the selected random seed, which in
practice is not often specified or reported. In addition, whether the
95% Cl overlapped 1 was inconsistent with different random seeds.
However, this can also be a result of too little power in the limited
sample sizes. But still, results of studies using caliper PS matching in

datasets with these sample sizes should be interpreted with caution,

as the choice of starting seed for the matching algorithm could be
manipulated to yield a significant test statistic.

One way researchers often show whether matching was success-
ful or not, is by showing the SMD for all covariates'®. It is common
practice to consider matching successful when the SMD for all
covariates is below 0.1'2. In our simulation study, we showed that the
SMDs are also dependent on the random seed that is used, in particu-
lar in datasets with small sample sizes. Removing matched sets with
unsuccessful matching only slightly decreased the variation of the
point estimates. Therefore, repeating the matching until all SMDs are
below 0.1 will not solve the issue of variability.

With caliper matching, we found that the median OR of the 1000
repetitions was close to the simulated parameter, while in NN caliper
matching in some instances the median OR was not as expected, indi-
cating this approach might introduce some bias. Potentially, a future

direction could be to apply repeated caliper PS matching and use the
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TABLE 4 Results from the 1000 matched sets in different scenarios with a simulated odds ratio of 1.5 and a caliper width of 0.2 SD¢

%

Median Interquartile Full Unadjusted % sign % sign Mean n unsuccessful
OR range OR range OR OR low risk  highrisk  matches matches
N = 10.000
Caliper matching T 50%,050%  1.42 (1.40-1.44) (1.33-1.51) 111 0.0% 100.0% 7266 0.0%
T20%,050% 1.50 (1.46-1.54) (1.34-1.69) 1.08 0.0% 100.0% 3902 0.0%
T50%, 010% 141 (1.38-1.44) (1.29-1.55)  1.05 0.0% 100.0% 7049 0.0%
T20%,010%  1.49 (1.43-1.57) (1.21-1.95) 1.05 0.0% 99.8% 3820 0.0%
Nearest neighbor T 50%, O 50%  1.43 (1.41-1.44) (1.35-1.50) 1.11 0.0% 100.0% 7162 0.0%
:;";‘t”ciring T20%,050% 142 (1.41-1.42) (1.38-1.46) 1.08 0.0% 100.0% 3898 0.0%
T50%, 010%  1.39 (1.37-1.41) (1.29-1.48) 1.05 0.0% 100.0% 6935 0.0%
T20%,010% 151 (1.50-1.53) (1.46-1.57) 1.05 0.0% 100.0% 3807 0.0%
N = 2500
Caliper matching T 50%,050%  1.43 (1.40-1.47) (126-1.62) 1.04 0.0% 1000% 1823 0.0%
T20%,050% 1.40 (1.34-1.47) (1.13-1.79)  1.09 0.0% 89.4% 1038 3.6%
T50%, 010% 145 (1.39-1.51) (1.15-1.73) 1.01 0.0% 92.0% 1731 0.0%
T20%,010% 144 (1.33-1.56) (1.04-2.29) 1.25 0.0% 37.9% 1038 3.6%
Nearest neighbor T 50%, O 50% 1.48 (1.46-1.51) (1.35-1.61) 1.04 0.0% 100.0% 1809 0.0%
::tpc‘:ing T20%, 0 50% 144 (1.42-1.46) (1.34-1.55)  1.09 0.0% 100.0% 1031 0.0%
T50%, 0 10%  1.49 (1.45-1.53) (1.29-1.69) 1.01 0.0% 99.8% 1701 0.0%
T20%, 0 10% 147 (1.44-1.50) (1.33-1.64) 1.25 0.0% 38.2% 1031 0.0%
N =500
Caliper matching T 50%,050%  1.41 (1.31-1.50) (1.00-2.04)  1.09 0.0% 13.4% 326 27.0%
T20%,050%  1.30 (1.17-1.47) (0.76-2.50)  1.05 0.0% 2.7% 187 82.6%
T50%,010% 1.50 (1.35-1.69) (0.90-3.86) 117 0.0% 4.0% 349 19.6%
T20%,010%  1.29 (1.11-1.67) (0.53- 0.96 0.0% 0.4% 185 87.7%
10.00)
Nearest neighbor ~ T50%, O 50%  1.37 (1.29-1.45) (1.03-1.85)  1.09 0.0% 4.0% 322 32.6%
f;":tpc‘;ring T20%,050% 1.04 (1.00-1.07) (0.92-1.14)  1.05 0.0% 0.0% 187 87.6%
T50%, 010% 1.50 (1.40-1.60) (1.07-2.08) 117 0.0% 0.4% 346 9.0%
T20%,010%  1.00 (0.90-1.00) (0.90-1.00) 0.96 0.0% 0.0% 183 100.0%

Note: OR = odds ratio; T 50% = treatment prevalence 50%; O 50% = outcome prevalence 50%; % sign low/high risk = percentage of the 1000 matched
sets with a significantly increased or decreased risk.
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20 20
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FIGURE 2 Density plots of the distribution of the hazard ratio of the 1000 matched sets from the three Stockholm atrial fibrillation cohorts
after caliper matching and after nearest neighbor caliper matching [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 5 Results real life observational study

Median HR

Large cohort (n = 18 203)

Caliper matching 0.91
Nearest neighbor caliper matching 0.92
Medium cohort (n = 5696)

Caliper matching 0.86
Nearest neighbor caliper matching 0.85

Small cohort (n = 1594)

Caliper matching 0.94
Nearest neighbor caliper matching 0.76

Interquartile range HR

0.04 (0.89-0.93)
0.03 (0.91-0.94)

0.13(0.80-0.93)
0.06 (0.82-0.88)

0.24 (0.82-1.06)
0.09 (0.71-0.81)

Full range HR

% sign low risk

WILEY_| *

% sign high risk

0.19 (0.81-0.99) 4.7% 0.0%
0.14 (0.86-1.00) 0.0% 0.0%
0.67 (0.65-1.32) 2.7% 0.0%
0.25 (0.72-0.97) 0.1% 0.0%
1.91(0.52-2.43) 0.0% 0.1%
0.35(0.57-0.92) 0.0% 0.0%

Note: Results from the 1000 matched sets in the three sizes of the Stockholm AF cohort. HR = hazard ratio; % sign low/high risk = percentage of the 1000

matched sets with a significantly increased or decreased risk.

mean or median for the point estimate, as this is independent of the
random ordering. Approaches have been made in using bagged one-
to-one matching, which overcomes the variability introduced by the
matching through bagging (ie, use bootstrapping to resample a cohort
and propensity score match and analyze all resamples)***>, but it
remains unknown how this approach would compare to repeated cali-
per PS matching.

To avoid the proposed problem, we suggest that researchers stop
using greedy caliper matching with random ordering. In addition, the
use of NN caliper matching should be reconsidered, as there are alter-
native propensity score matching methods that are not affected by
random variability, such as optimal matching®®. The NN matching pro-
cedure can also yield findings independent of random ordering. For
example, if treated patients are not ordered at random prior to
matching, if the algorithm is performed without calipers and with
replacement, or if the best match is selected at first. However, it is
not within the scope of the current research to make statements on
which approach is preferred.

In conclusion, replication of greedy caliper PS matching in the
same cohort can yield highly variable estimates of the treatment-
outcome association, already in moderately sized cohorts of 2500
patients. To avoid the problem of random variability in point esti-
mates, researchers should refrain from using versions of greedy
matching that are dependent on random ordering and/or random
within caliper matching. If a greedy matching algorithm is used,
nearest neighbor within caliper matching combined with nonrandom

ordering (eg, best first, ascending, descending) would be preferred.
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APPENDIX A.

eResults 1: Caliper width of 0.01 SD,,¢

TABLE Ala Results of repeated calliper and nearest neighbor calliper propensity score matching in cohorts with a simulated odds ratio
of 0.75

Median Interquartile Full % Sign % Sign Mean n % Unsuccessful
OR range OR range OR low risk high risk matches matches
N = 10.000
Caliper Matching T50%,050% 0.77 (0.76-0.78) (0.72:0.82) 1000%  0.0% 7069 0.0%
T20%,050% 0.77 (0.75-0.78) (0.67-0.85) 1000%  0.0% 3752 0.0%
T50%,010% 078 (0.76-0.80) (0.69-0.90)  99.5% 0.0% 6836 0.0%
T20%,010% 0.79 (0.76-0.83) (0.59-1.01)  43.8% 0.0% 3752 0.0%
Nearest Neighbor T50%,050% 0.76 (0.75-0.77) (0.72:0.79)  1000%  0.0% 7041 0.0%
Caliper Matching T20%,050% 073 (0.72-0.73) (0.71-0.75)  1000%  0.0% 3747 0.0%
T50%,010% 0.77 (0.76-0.78) (0.70-0.84) 1000%  0.0% 6811 0.0%
T20%,010% 084 (0.84-0.85) (0.81-0.88)  0.0% 0.0% 3747 0.0%
N = 2500
Caliper Matching T50%,050% 0.77 (0.74-0.79) (0.68-0.86)  96.4% 0.0% 1722 0.0%
T20%,050% 0.82 (0.78-0.86) (0.62-1.04)  21.5% 0.0% 948 8.7%
T50%,010% 073 (0.70-0.77) (0.58-0.88)  30.2% 0.0% 1722 0.0%
T20%,010% 077 (0.70-0.83) (0.51-1.14)  5.4% 0.0% 931 3.3%
Nearest Neighbor T50%,050% 0.76 (0.75-0.78) (0.70-0.85)  99.5% 0.0% 1701 0.0%
Callfper iz T20%,050% 078 (0.76-0.79) (0.72-0.83)  37.9% 0.0% 942 0.0%
T50%,010%  0.84 (0.82-0.87) (0.73-097)  0.0% 0.0% 1701 0.0%
T20%,010% 0.82 (0.79-0.84) (0.74-094)  0.0% 0.0% 930 0.0%
N = 500
Caliper Matching T50%,050% 0.76 (0.71-0.80) (0.58-1.00)  0.9% 0.0% 252 84.9%
T20%,050%  0.50 (0.46-0.56) (0.27-0.89)  55.6% 0.0% 152 87.0%
T50%,010%  0.80 (0.71-0.91) (047-122)  0.0% 0.0% 244 100.0%
T20%,010% 075 (0.67-0.86) (0.38-1.50)  0.1% 0.0% 143 100.0%
Nearest Neighbor T50%,050% 0.73 (0.69-0.76) (0.58-097) 0.2% 0.0% 249 77.4%
Caliper Matching T20%,050% 046 (0.43-0.48) (0.38-052) 1000%  0.0% 152 100.0%
T50%,010% 092 (0.83-0.92) (0.75-1.00)  0.0% 0.0% 242 100.0%
T20%, 010% 083 (0.71-0.83) (0.71-0.83)  0.0% 0.0% 142 100.0%

Note: The calliper was set at 0.01 of the SD of the propensity score. The % sign low and sign high risk state in how many of the successfully matched
cohorts the treatment-outcome associations was statistically different from 1. The % unsuccessful matches is in how many instances there was at least
one of the SMDs above 0.1.

Abbreviation: OR, odds ratio.
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TABLE A1b Results of repeated calliper and nearest neighbor calliper propensity score matching in cohorts with a simulated odds ratio

of 1.0

N = 10.000

Caliper matching

Nearest neighbor
caliper matching

N = 2500
Caliper matching

Nearest neighbor
caliper matching

N =500

Caliper matching

Nearest neighbor
caliper matching

T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%
T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%

T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%
T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%

T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%
T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%

Median
OR

1.02
1.01
1.01
1.06
1.01
0.96
1.00
1.13

1.00
1.08
1.05
1.12
1.02
1.01
1.04
1.33

0.93
0.78
1.00
1.25
0.93
0.89
1.00
1.25

Interquartile

range OR

(1.00-1.03)
(0.99-1.03)
(0.98-1.03)
(1.01-1.11)
(1.00-1.02)
(0.96-0.97)
(0.98-1.01)
(1.12-1.14)

0.97-1.03)
1.03-1.14)
1.01-1.10)
1.03-1.26)
(0.99-1.04)
(1.00-1.02)
(1.00-1.07)
(1.30-1.35)

(
(
(
(

(0.87-0.97)
(0.70-0.85)
(0.90-1.11)
(1.00-1.25)
(0.88-1.00)
(0.85-0.90)
(1.00-1.10)
(1.25-1.25)

Full
range OR

(0.95-1.09)
(0.90-1.13)
(0.88-1.17)
(0.81-1.33)
(0.97-1.06)
(0.93-1.00)
(0.93-1.07)
(1.08-1.18)

(0.86-1.15)
(0.87-1.38)
(0.83-1.34)
(0.71-1.89)
(0.93-1.12)
(0.95-1.08)
(0.88-1.21)
(1.25-1.38)

(0.65-1.22)
(0.50-1.29)
(0.50-1.83)
(0.56-2.50)
(0.68-1.26)
(0.81-0.95)
(0.73-1.40)
(1.25-1.25)

% sign
low risk

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%
0.1%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

% sign
high risk

0.0%
0.0%
0.1%
1.0%
0.0%
0.0%
0.0%
0.0%

0.0%
0.5%
0.0%
0.5%
0.0%
0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

Mean n
matches

7069
3752
6836
3752
7041
3747
6811
3747

1621
871
1672
838
1605
869
1651
840

245
135
239
135
241
136
240
136

% unsuccessful
matches

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%
12.8%
0.1%
7.9%
0.0%
0.3%
0.0%
0.0%

99.0%
99.3%
57.3%
99.3%
100.0%
100.0%
54.7%
100.0%

Note: The calliper was set at 0.01 of the SD of the propensity score. The % sign low and sign high risk state in how many of the successfully matched
cohorts the treatment-outcome associations was statistically different from 1. The % unsuccessful matches is in how many instances there was at least

one of the SMDs above 0.1.

Abbreviation: OR, odds ratio.
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TABLE Alc Results of repeated calliper and nearest neighbor calliper propensity score matching in cohorts with a simulated odds ratio of 1.5

Median Interquartile Full % sign % sign Mean n % unsuccessful
OR range OR range OR low risk high risk matches matches
N = 10.000
Caliper Matching T50%, O50% 146 (1.43-1.48) (1.36-1.58)  0.0% 100.0% 7069 0.0%
T20%,050% 147 (1.44-1.51) (1.30-1.63) 0.0% 100.0% 3752 0.0%
T50%, 0 10% 144 (1.41-1.47) (1.27-1.62) 0.0% 100.0% 6836 0.0%
T20%, 0 10% 1.54 (1.46-1.60) (1.24-1.94) 0.0% 100.0% 3700 0.0%
Nearest Neighbor T50% 050% 145 (1.43-1.46) (1.37-1.51) 0.0% 100.0% 7041 0.0%
Caliper Matching T20%,050%  1.40 (1.39-1.41) (1.35-1.44) 0.0% 100.0% 3747 0.0%
T50%, 0 10% 142 (1.40-1.45) (1.33-1.51) 0.0% 100.0% 6811 0.0%
T20%, 010% 1.54 (1.53-1.56) (1.48-1.60)  0.0% 100.0% 3689 0.0%
N = 2500
Caliper matching T50%,O50% 145 (1.40-1.49) (1.27-1.74)  0.0% 100.0% 1672 0.1%
T20%, 050% 1.39 (1.33-1.47) (1.12-1.75)  0.0% 83.0% 931 3.3%
T50%, 0 10% 141 (1.35-1.48) (1.11-1.73)  0.0% 77.2% 1621 0.0%
T20%, 0 10% 149 (1.36-1.61) (0.98-2.24)  0.0% 41.0% 931 3.3%
Nearest neighbor T50% 050% 149 (1.45-1.52) (1.35-1.63)  0.0% 100.0% 1651 0.0%
caliper matching T20%,050% 145 (1.43-1.47) (1.34-1.57)  0.0% 100.0% 930 0.0%
T50%, 0 10% 1.48 (1.44-1.52) (1.30-1.65)  0.0% 99.1% 1605 0.0%
T20%,010% 1.57 (1.53-1.62) (1.42-1.81) 0.0% 80.9% 930 0.0%
N = 500
Caliper matching T50%, O50% 1.48 (1.38-1.60) (1.04-2.00)  0.0% 9.0% 240 70.4%
T20%,050% 1.37 (1.26-1.50) (0.89-2.09) 0.0% 0.5% 134 98.3%
T50%, 010% 1.56 (1.40-1.78) (0.91-3.40) 0.0% 1.6% 239 57.3%
T20%, 010% 1.14 (1.00-1.33) (0.62-3.00)  0.0% 0.0% 126 98.4%
Nearest neighbor T50% 050% 1.58 (1.50-1.70) (1.21-213)  0.0% 13.6% 239 82.2%
caliper matching T20%,050% 124 (1.18-1.27) (106-1.43)  0.0% 0.0% 132 100.0%
T50%, 010% 1.60 (1.50-1.70) (1.09-2.11)  0.0% 0.0% 240 54.7%
T20%, 0 10% 1.14 (1.14-1.14) (1.14-1.14)  0.0% 0.0% 125 100.0%

Note: The calliper was set at 0.01 of the SD of the propensity score. The % sign low and sign high risk state in how many of the successfully matched
cohorts the treatment-outcome associations was statistically different from 1. The % unsuccessful matches is in how many instances there was at least
one of the SMDs above 0.1.

Abbreviation: OR, odds ratio.
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eResults 2: Successful matches with caliper width of 0.2 SD,

TABLE A2a Results of repeated calliper and nearest neighbor calliper propensity score matching in cohorts with a simulated odds ratio of
0.75 where the SMD for all covariates was <0.1 after matching

N = 10.000
Caliper Matching

Nearest Neighbor Caliper
Matching

N = 2500
Caliper Matching

Nearest Neighbor Caliper
Matching

N = 500
Caliper Matching

Nearest Neighbor Caliper
Matching

T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%
T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%

T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%
T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%

T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%
T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%

Median
OR

0.75
0.78
0.76
0.79
0.75
0.74
0.75
0.86

0.78
0.78
0.72
0.74
0.78
0.76
0.77
0.78

0.73
0.73
0.68
0.78
0.69
0.66
0.86
0.71

Interquartile
range OR

(0.74-0.76)
(0.76-0.80)
(0.74-0.78)
(0.76-0.83)
(0.74-0.76)
(0.73-0.74)
(0.74-0.76)
(0.85-0.86)

(0.76-0.79)
(0.74-0.82)
(0.69-0.75)
(0.69-0.81)
(0.76-0.79)
(0.75-0.77)
(0.75-0.79)
(0.76-0.80)

(0.68-0.78)
(0.64-0.80)
(0.61-0.75)
(0.67-1.00)
(0.65-0.74)
(0.63-0.67)
(0.80-0.93)
(0.67-0.71)

Full
range OR

(0.69-0.81)
(0.70-0.89)
(0.67-0.84)
(0.66-1.03)
(0.71-0.79)
(0.72-0.76)
(0.70-0.80)
(0.83-0.89)

(0.69-0.86,
(0.61-1.02
(0.56-0.90
(0.55-1.13
(0.70-0.84)
(0.72-0.82)
(0.67-0.88)
(0.69-0.88)

)
)
)
)

(0.51-1.00)
(0.49-1.13)
(0.33-1.07)
(0.43-2.33)
(0.53-0.91)
(0.58-0.71)
(0.57-1.08)
(0.63-0.75)

% sign
low risk

100.0%
99.9%
100.0%
45.4%
100.0%
100.0%
100.0%
0.0%

97.6%
48.1%
48.2%
10.4%
99.6%
91.6%
3.0%

0.0%

6.9%
2.0%
0.6%
0.0%
10.1%
0.1%
0.0%
0.0%

% sign
high risk

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

Note: The calliper was set at 0.2 of the SD of the propensity score. The % sign low and sign high risk state in how many of the successfully matched
cohorts the treatment-outcome associations was statistically different from 1.

Abbreviation: OR, odds ratio.



KOMEN ET AL.

WILEY_| *7

TABLE A2b Results of repeated calliper and nearest neighbor calliper propensity score matching in cohorts with a simulated odds ratio of
1.0 where the SMD for all covariates was <0.1 after matching

N = 10.000
Caliper Matching

Nearest Neighbor Caliper
Matching

N = 2500
Caliper Matching

Nearest Neighbor Caliper
Matching

N =500
Caliper Matching

Nearest Neighbor Caliper
Matching

T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%
T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%

T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%
T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%

T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%
T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%

Median
OR

0.99
1.02
0.98
1.05
1.00
0.97
0.97
1.14

0.94
1.02
1.01
1.00
0.98
0.97
0.95
1.24

1.02
0.96
1.00
1.00
1.08
1.08
1.00
1.00

Interquartile
range OR

(0.98-1.01)
(1.00-1.05)
(0.96-1.00)
(1.01-1.10)
(0.99-1.01)
(0.97-0.98)
(0.96-0.99)
(1.13-1.15)

(0.92-0.97)
(0.96-1.07)
(0.98-1.05)
(0.89-1.10)
(0.96-1.00)
(0.96-0.98)
(0.92-0.98)
(1.21-1.25)

(0.97-1.09)
(0.86-1.09)
(0.88-1.13)
(0.83-1.20)
(1.03-1.13)
(1.04-1.12)
(0.93-1.07)
(1.00-1.00)

Full
range OR

(0.91-1.04)
(0.92-1.17)
(0.90-1.07)
(0.87-1.37)
(0.96-1.05)
(0.95-1.00)
(0.91-1.04)
(1.09-1.18)

(0.79-1.10)
(0.77-1.30)
(0.85-1.17)
(0.65-1.72)
(0.90-1.08)
(0.91-1.03)
(0.82-1.07)
(1.13-1.36)

(0.73-1.35)
(0.61-1.35)
(0.53-2.57)
(0.40-3.50)
(0.89-1.34)
(0.92-1.23)
(0.67-1.43)
(0.83-1.00)

% sign
low risk

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.2%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

% sign
high risk

0.0%
0.2%
0.0%
0.5%
0.0%
0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%
0.0%
0.1%
0.0%
0.0%
0.0%
0.0%
0.0%

Note: The calliper was set at 0.2 of the SD of the propensity score. The % sign low and sign high risk state in how many of the successfully matched
cohorts the treatment-outcome associations was statistically different from 1.

Abbreviation: OR, odds ratio.
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TABLE A2c Results of repeated calliper and nearest neighbor calliper propensity score matching in cohorts with a simulated odds ratio of 1.5
where the SMD for all covariates was <0.1 after matching

N = 10.000
Caliper Matching

Nearest Neighbor Caliper
Matching

N = 2500
Caliper Matching

Nearest Neighbor Caliper
Matching

N = 500
Caliper Matching

Nearest Neighbor Caliper
Matching

T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%
T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%

T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%
T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%

T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%
T 50%, O 50%
T 20%, O 50%
T 50%, O 10%
T 20%, O 10%

Median
OR

1.42
1.50
1.41
1.49
1.43
1.42
1.39
1.51

1.43
1.40
1.45
1.44
1.48
1.44
1.49
1.47

1.41
1.29
1.50
1.25
1.37
1.04
1.50
#N/A

Interquartile
range OR

(1.40-1.44)
(1.46-1.54)
(1.38-1.44)
(1.43-1.57)
(1.41-1.44)
(1.41-1.42)
(1.37-1.41)
(1.50-1.53)

(1.40-1.47)
(1.34-1.47)
(1.39-1.51)
(1.33-1.56)
(1.46-1.51)
(1.42-1.46)
(1.45-1.53)
(1.44-1.50)

(1.31-1.50)
(1.18-1.44)
(1.35-1.69)
(1.11-1.67)
(1.29-1.45)
(1.00-1.04)
(1.40-1.60)
#N/A

Full
range OR

(1.33-1.51)
(1.34-1.69)
(1.29-1.55)
(1.21-1.95)
(1.35-1.50)
(1.38-1.46)
(1.29-1.48)
(1.46-1.57)

(1.26-1.62
(1.13-1.79
(1.15-1.73
(1.04-2.29
(1.35-1.61)
(1.34-1.55)
(1.29-1.69)
(1.33-1.64)

)
)
)
)

(1.02-2.04)
(0.91-1.85)
(0.90-3.86)
(0.64-3.00)
(1.03-1.85)
(0.93-1.12)
(1.07-2.00)
#N/A

% sign
low risk

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

% sign
high risk

100.0%
100.0%
100.0%
99.8%

100.0%
100.0%
100.0%
100.0%

100.0%
86.1%
92.0%
36.5%
100.0%
100.0%
99.8%
38.2%

9.8%
0.1%
3.3%
0.0%
2.8%
0.0%
0.2%
0.0%

Note: The calliper was set at 0.2 of the SD of the propensity score. The % sign low and sign high risk state in how many of the successfully matched
cohorts the treatment-outcome associations was statistically different from 1.

Abbreviation: OR, odds ratio.
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eResults 3: Successful matches with caliper width of 0.01 SD,,¢

TABLE A3a Results of repeated calliper and nearest neighbor calliper propensity score matching in cohorts with a simulated odds ratio of
0.75 where the SMD for all covariates was <0.1 after matching

Median Interquartile Full % sign % sign
OR range OR range OR low risk high risk
N = 10.000
Caliper Matching T50%,050% 077 (0.76-0.78) (0.72-0.82)  100.0% 0.0%
T20%,050% 077 (0.75-0.78) (0.67-0.85)  100.0% 0.0%
T50%,010% 078 (0.76-0.80) (0.69-0.90)  99.5% 0.0%
T20%,010% 079 (0.76-0.83) (0.59-1.01)  43.8% 0.0%
Nearest Neighbor Caliper T50%,050% 0.76 (0.75-0.77) (0.72:0.79)  100.0% 0.0%
Matching T20%,050% 073 (0.72-0.73) (0.71-0.75) 100.0% 0.0%
T50%,010% 077 (0.76-0.78) (0.70-0.84)  100.0% 0.0%
T20%,010%  0.84 (0.84-0.85) (0.81-0.88)  0.0% 0.0%
N = 2500
Caliper Matching T50%,050% 0.77 (0.74-0.79) (0.68-0.86)  96.4% 0.0%
T20%,050% 0.82 (0.78-0.85) (0.62-1.04)  19.9% 0.0%
T50%,010% 073 (0.70-0.77) (0.58-0.88)  30.2% 0.0%
T20%,010% 077 (0.70-0.83) (0.51-1.14)  53% 0.0%
Nearest Neighbor Caliper T50%, O50% 0.76 (0.75-0.78) (0.70-0.85) 99.5% 0.0%
i T20%,050% 078 (0.76-0.79) (0.72-0.83)  37.9% 0.0%
T50%,0 10%  0.84 (0.82-0.87) (0.73-097)  0.0% 0.0%
T20%,010% 0.82 (0.79-0.84) (0.74-094)  0.0% 0.0%
N = 500
Caliper Matching T50%,050% 0.76 (0.72-0.81) (0.58-0.94)  0.1% 0.0%
T20%,050%  0.50 (0.46-0.57) (0.31-0.70)  7.0% 0.0%
T50%,010%  #N/A #N/A #N/A 0.0% 0.0%
T20%,010%  #N/A AN/A #N/A 0.0% 0.0%
Nearest Neighbor Caliper T50%, O50% 0.73 (0.69-0.76) (0.60-0.89) 0.1% 0.0%
Matching T20% 050%  #N/A #N/A #N/A 0.0% 0.0%
T50%,010%  #N/A #N/A #N/A 0.0% 0.0%
T20% 010%  #N/A #N/A #N/A 0.0% 0.0%

Note: The calliper was set at 0.01 of the standard deviation of the propensity score. The % sign low and sign high risk state in how many of the successfully
matched cohorts the treatment-outcome associations was statistically different from 1.
Abbreviation: OR, odds ratio.



950 Wl LEY KOMEN ET AL.

TABLE A3b Results of repeated calliper and nearest neighbor calliper propensity score matching in cohorts with a simulated odds ratio of
1.0 where the SMD for all covariates was <0.1 after matching

Median Interquartile Full % sign % sign
OR range OR range OR low risk high risk
N = 10.000
Caliper Matching T50%, 050% 1.02 (1.00-1.03) (0.95-1.09) 0.0% 0.0%
T20%, 050% 1.01 (0.99-1.03) (0.90-1.13) 0.0% 0.0%
T50%, 010%  1.01 (0.98-1.03) (0.88-1.17) 0.0% 0.1%
T20%, 010% 1.06 (1.01-1.11) (0.81-1.33) 0.0% 1.0%
Nearest Neighbor Caliper T 50%, O 50% 1.01 (1.00-1.02) (0.97-1.06) 0.0% 0.0%
Matching T20%, 050% 0.96 (0.96-0.97) (0.93-1.00) 0.0% 0.0%
T50%, 010%  1.00 (0.98-1.01) (0.93-1.07) 0.0% 0.0%
T20%, 010% 113 (1.12-1.14) (1.08-1.18) 0.0% 0.0%
N = 2500
Caliper Matching T50%, 050% 1.00 (0.97-1.03) (0.86-1.15) 0.0% 0.0%
T20%, 050%  1.08 (1.02-1.14) (0.87-1.38) 0.0% 0.5%
T50%, 010%  1.05 (1.01-1.10) (0.83-1.34) 0.0% 0.0%
T20%, 010% 1.11 (1.03-1.24) (0.71-1.89) 0.0% 0.5%
Nearest Neighbor Caliper T50%, O50%  1.02 (0.99-1.04) (0.93-1.12) 0.0% 0.0%
lachins T20%, 050% 1.01 (1.00-1.02) (0.95-1.08) 0.0% 0.0%
T50%, 010% 1.04 (1.00-1.07) (0.88-1.21) 0.0% 0.0%
T20%,010% 1.33 (1.30-1.35) (1.25-1.38) 0.0% 0.0%
N =500
Caliper Matching T50%, 050% 0.90 (0.85-0.93) (0.71-1.10) 0.0% 0.0%
T20%,050% 0.78 (0.74-0.80) (0.73-0.85) 0.0% 0.0%
T50%,010% 1.00 (0.90-1.13) (0.54-1.83) 0.0% 0.0%
T20%, 010% 125 (1.13-1.88) (0.83-2.50) 0.0% 0.0%
Nearest Neighbor Caliper T50%,050%  #N/A #N/A #N/A 0.0% 0.0%
Matching T20% 050%  #N/A #N/A #N/A 0.0% 0.0%
T50%, 010%  1.00 (1.00-1.10) (0.73-1.40) 0.0% 0.0%
T20%, 0 10%  #N/A #N/A #N/A 0.0% 0.0%

Note: The calliper was set at 0.01 of the standard deviation of the propensity score. The % sign low and sign high risk state in how many of the successfully
matched cohorts the treatment-outcome associations was statistically different from 1.
Abbreviation: OR, odds ratio.
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TABLE A3c Results of repeated calliper and nearest neighbor calliper propensity score matching in cohorts with a simulated odds ratio of 1.5
where the SMD for all covariates was <0.1 after matching

Median
OR
N = 10.000
Caliper Matching T 50%, O 50% 1.46
T20%, 050% 1.47
T50% 0 10% 144
T20%, 0 10% 1.54
Nearest Neighbor Caliper T50%, O 50%  1.45
Matching T20%,050%  1.40
T50% 010% 142
T 20%, O 10% 1.54
N =2500
Caliper Matching T 50%, O 50% 1.45
T 20%, O 50% 1.39
T50% 010% 141
T20%,010% 148
Nearest Neighbor Caliper T50%, O 50%  1.49
I T20%,050% 145
T50%, 0 10% 1.48
T20%,010% 157
N =500
Caliper Matching T 50%, O 50% 1.46
T20%, 050%  1.37
T50%, 0 10%  1.60
T20%, 0 10%  1.29
Nearest Neighbor Caliper T50%, O 50%  1.57
Matching T20% 050%  #N/A
T50%,010%  1.60
T20%,010%  #N/A

Interquartile Full % sign % sign
range OR range OR low risk high risk
(1.43-1.48) (1.36-1.58) 0.0% 100.0%
(1.44-1.51) (1.30-1.63) 0.0% 100.0%
(1.41-1.47) (1.27-1.62) 0.0% 100.0%
(1.46-1.60) (1.24-1.94) 0.0% 100.0%
(1.43-1.46) (1.37-1.51) 0.0% 100.0%
(1.39-1.41) (1.35-1.44) 0.0% 100.0%
(1.40-1.45) (1.33-1.51) 0.0% 100.0%
(1.53-1.56) (1.48-1.60) 0.0% 100.0%
(1.40-1.49) (1.27-1.72) 0.0% 99.9%
(1.32-1.47) (1.12-1.75) 0.0% 79.9%
(1.35-1.48) (1.11-1.73) 0.0% 77.2%
(1.36-1.62) (0.98-2.24) 0.0% 39.4%
(1.45-1.52) (1.35-1.63) 0.0% 100.0%
(1.43-1.47) (1.34-1.57) 0.0% 100.0%
(1.44-1.52) (1.30-1.65) 0.0% 99.1%
(1.53-1.62) (1.42-1.81) 0.0% 80.9%
(1.36-1.57) (1.12-2.00) 0.0% 2.1%
(1.24-1.41) (0.95-1.60) 0.0% 0.0%
(1.40-1.78) (1.00-3.40) 0.0% 0.7%
(1.00-1.50) (0.89-2.25) 0.0% 0.0%
(1.50-1.67) (1.27-2.06) 0.0% 2.7%
#N/A #N/A 0.0% 0.0%
(1.45-1.70) (1.09-2.11) 0.0% 0.0%
#N/A #N/A 0.0% 0.0%

Note: The calliper was set at 0.01 of the standard deviation of the propensity score. The % sign low and sign high risk state in how many of the successfully
matched cohorts the treatment-outcome associations was statistically different from 1.

Abbreviation: OR, odds ratio.
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