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Atypical Conventional
Comparison Antipsychotic Antipsychotic Absolute Risk Diﬁerence‘
Use Use (95% ClI), percentage points*
Conventional vs. atypical antipsychotic use at 180 d
Community-dwelling cohort 10.7 133 26(05t04.5)
Long-term care cohort 17.8 20.0 2.2(0.0to 4.4)
Gill SS et al: Ann Intern Med 146:775-86, 2007. 6
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Reinisch JM et al: JAMA 274: 1518-25, 1995.
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Ali MS et al: J Clin Epidemiol. 2014 Nov 26. pii: S0895-4356(14)00347-3
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B Ali MS et al: Reporting of covariate selection and balance
assessment in propensity score analysis is suboptimal: a
systematic review (J Clin Epidemiol. 2014)

B D'Ascenzo F et al: Use and misuse of multivariable approaches
in interventional cardiology studies on drug-eluting stents: a
systematic review (J Interv Cardiol. 2012 Dec;25(6):611-21.)

B Collins GS et al: Comparing treatment effects between
propensity scores and randomized controlled trials: improving
conduct and reportin (Eur Heart J 33:1867-9, 2012)

B Gayat E et al: Propensity scores in intensive care and

anaesthesiology literature: a systematic review (Intensive Care
Med 36: 1993-2003, 2010)

B Austin PC: A critical appraisal of propensity-score matching in
the medical literature between 1996 and 2003 (Stat Med
27:2037-49, 2008)
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B Austin PC: Primer on statistical interpretation or methods report
card on propensity-score matching in the cardiology literature from
2004 to 2006: a systematic review (Circ Cardiovasc Qual Outcomes
1: 62-7, 2008)

B Austin PC: Propensity-score matching in the cardiovascular surgery
literature from 2004 to 2006: a systematic review and suggestions
for improvement (J Thorac Cardiovasc Surg 134:1128-35, 2007)

B Stirmer T et al: A review of the application of propensity score
methods yielded increasing use, advantages in specific settings, but
not substantially different estimates compared with conventional
multivariable methods (J Clin Epidemiol 59: 437-47, 2006)

B Shah BR et al: Propensity score methods gave similar results to
traditional regression modeling in observational studies: a
systematic review (J Clin Epidemiol 58: 550-9, 2005)

B Weitzen S et al: Principles for modeling propensity scores in
medical research: a systematic literature review
(Pharmacoepidemiol Drug Saf 13: 841-53, 2004)
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Austin PC et al: Analysis of observational health care data using SAS (pp51-84). SAS press. 2010. 12
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Austin PC: Stat Med 27:2037-49, 2008. 13
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Brookhart MA et al: Am J Epidemiol. 2006 Jun 15;163(12):1149-56.
Patrick AR et al: Pharmacoepidemiol Drug Saf. 2011 Jun;20(6):551-9.
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® The PS model was estimated using a logistic regression model that
adjusted for the patient characteristics listed in Table 1, as well as
admissions vital signs and laboratory values (31 variables in total), as these
variables were shown to be prognostically significant in other studies 18],

Patient characteristics” N = 5338 With orders (» = 4314) No orders (n = 1024)

Provider characteristic
Hospital type

Teaching (» = 10) 1420 (26.0) 1088 (25.2) 332 (32.4)
Community (#z = 60) 3780 (70.8) 3117 (72.3) 663 (64.7)
Small (# =7) 138 (2.6) 109 (2.5) 29 (2.8)
Demographic characteristics
Age (years), mean + SD 66.0 + 13.7 65.6 + 13.6 67.7 + 14.2
Female 1757 (32.9) 1392 (32.3) 365 (35.6)
Abrahamyan L et al: Int J Qual Health Care 24:425-32, 2012. 15
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® Possible confounders were chosen for their potential association with the
outcome of interest based on clinical knowledge. The predicted
probability of preprocedural stains was calculated by fitting a logistic
regression model, using all clinically relevant variables as shown in Table 1.

Ko DT et al: Circ Cardiovasc Qual Outcomes 4:459-66, 2011.

Preprocedural No Preprocedural

Statins, Statins,

n (%) Mean (SD)
No. of patients 9104 3876
Demographics
Mean age, y, SD 73.55+5.32 74.44+5.95
Male 6204 (68.1%) 2456 (63.4%)
Low income 1760 (19.3%) 721 (18.6%)
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® Covariates were carefully selected based on the assumption that none was

affected directly by the intervention. Other a priori selected variables were
planned for inclusion in the final statistical models. ...(FPEg)...

® Variables were considered for inclusion in the final models after calculating
correlation coefficients, examining scatterplot matrices, and ensuring that
the proportion of missing data was below 20%.

Galvagno SM et al: JAMA 307:1602-10, 2012. 17
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Trojano M et al: Int MS J 16: 90-7, 2009. 19
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B> A5« W 2LFIIHT (ogistic regression)
.JO l)\“/ NEL =2 (probit regression)
BB HT discriminant analysis)

B RTEK (classification and regression trees)

B 1 —J)LRY NDO—D (neural networks)

— —

_ﬂi'ftbu‘_‘_ =7 )L (generalized additive models)

ZIEO>wW hNE )L (multinomial logistic regression)

Austin PC et al: Analysis of observational health care data using SAS (pp51-84). SAS press. 2010. 20
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® Possible confounders were chosen for their potential association with the
outcome of interest based on clinical knowledge. The predicted
probability of preprocedural stains was calculated by fitting a logistic
regression model, using all clinically relevant variables as shown in Table 1.

dhnl

Preprocedural No Preprocedural

Statins, Statins,
n (%) Mean (SD)
No. of patients 9104 3876
Demographics
Mean age, y, SD 73.55+5.32 74.44+5.95
Male 6204 (68.1%) 2456 (63.4%)
Low income 1760 (19.3%) 721 (18.6%)
Ko DT et al: Circ Cardiovasc Qual Outcomes 4:459-66, 2011. 22
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{tBra) X 177 DF A
_ QY F>0 (propensity score matching)
.Eiaj"ﬁl- [T (inverse probability of treatment weighting)

.Jg'ﬂ: (stratification/subclassification)

ITRE : :
.;:I\:EE (covariate adjustment)

Austin PC: Multivariate Behav Res 46: 399-424, 2011. 24
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BGreedy matching
& Nearest neighbor matching

e VN

€ Mahalanobis metric matching

BOptimal matching

Guo S, Fraser MW: Propensity score analysis: statistical methods and applications. Sage. 2015. 26
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Austin PC: Multivariate Behav Res 46: 399-424, 2011.
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ID PS
t1 048
t2 097
t3  0.69
t4 0.68
t5 0.96
t6 0.34
cl 031
c2 0.00
c3 0.74
c4 0.02
c5 0.52
c6 0.29
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ID PS1 ID PS2 |PS1-PS2|
tl 048 ¢S5 0.52 0.04
t2 097 3 0.74 0.23
t3 069 1 031 0.37
i t4 0.68 c¢c6 0.29 0.39
t5 096 4 0.02 0.93
t6 034 c2 0.00 0.34

Austin PC: Multivariate Behav Res 46: 399-424, 2011.
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ID PS1 ID PS2 |PS1-PS2|
tl 048 1 0.31 0.17
t2 097 3 0.74 0.23
t3 0.69 ¢S5 0.52 0.16
4 0638

£ 096

t6 034 <6 0.29 0.05

Austin PC: Multivariate Behav Res 46: 399-424, 2011.
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BOne-to-one pair matching
O ILDRERF L 1RDOIFBREEFCIYYF >0

BMany-to-one (M:1) matching
O 12DBREREMBDIFRERFCYYF 2D

BFull matching
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A CERBOBRER CYY F U DEHED
[E2

Austin PC: Multivariate Behav Res 46: 399-424, 2011. 3 1
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5451]: nearest neighbor/0.2/4311/3EE k!

® Propensity matching was then performed according to both bleeding and
mortality risk, using the nearest neighbor matching without replacement,
with each bleeding patient matched to 4 control patients. A caliper width
of 0.2 of the standard deviation of the logit of the propensity score was
used for the developed propensity score, (1ZH&)

Chhatriwalla AK et al: JAMA. 2013 Mar 13;309(10):1022-9.
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Austin PC: Multivariate Behav Res 46: 399-424, 2011.
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® We used a structured iterative approach to refine this logistic regression
model to achieve balance of covariates within the matched pairs.?® We

used the standardised difference to measure covariate balance, whereby
an absolute standardised difference above 10% represents meaningful

imbalance.??

+ Y
miE R ODEN
® Individuals who did and did not undergo consultation differed for all

measured characteristics (Table 1).

® Of patients who underwent consultation, 91.6% (n=95 926) were matched
to similar patients who did not. The covariate balance in the matched
cohort was considerably improved (Table 2).

.IIInI

Wijeysundera DN et al: Arch Intern Med 170: 1365-74, 2010. 40
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Table 1. Characteristics of Individuals Who Did or Did Not Undergg Preoperati

<

Table 2. Characteristics of the Propensity-Score Matched Pairs

N/ No. (%)? \; No. (%)?
[ ]
|{:nnsullatinn No [:nm:ultation| Absolute Standardized Consultation No Consultation Absolute Standardized
Characteristic (n=104695) (n=165171) Difference, % Characteristic (n=95926) (n=95926) Difference, %
Demographics Demographics
Age, mean (SD), y 70.1(9.6) 67.3 (10.6) 27.3 Age, mean (SD), y 69.3 (9.7) 69.9 (9.6) 0.4
Female sex 54085 (51.7) 84559 (51.2) 1.0 Female sex 49939 (52.1) 50049 (52.2) 0.2
Neighborhood income, $ Neighborhood income, $
Quintile 1 (highest) 22166 (21.2) 33412 (20.2) 2.5 Quintile 1 (highest) 20192 (21.0) 20101 (21.0) 0.2
Quintile 2 22163 (21.2) 33537 (20.3) 2.2 Quintile 2 20032 (20.9) 20110 (21.0) 0.2
Quintile 3 20660 (19.7) 32038 (19.4) 0.8 Quintile 3 18909 (19.7) 18895 (19.7) 0.04
Quintile 4 18995 (18.1) 31880 (19.3) 3.1 Quintile 4 17585 (18.3) 17607 (18.4) 0.06
Quintile 5 (lowest) 20185 (19.3) 33248 (20.1) 2.0 Quintile 5 (lowest) 18707 (19.5) 18699 (19.5) 0.02
Missing 526 (0.5) 1056 (0.6) 14 Missing 501 (0.5) 514 (0.5) 0.2
Wijeysundera DN et al: Arch Intern Med 170: 1365-74, 2010. 41
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[1] Stuart EA: Stat Med. 2008 May 30;27(12):2062-5;[2] Stuart EA: Stat Sci. 2010 Feb 1;25(1):1-21.
[3] Austin PC: Stat Med. 2008 May 30;27(12):2037-49.; [4] Austin PC: Stat Med. 2011 May 20;30(11):1292-301. 43
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® \Within the matched pairs, we used the paired t test to compare hospital

length of stay and the methods of Agresti and Min?® to compare mortality
rates.

I~F e

miSRDED

® \Within this matched cohort, mean hospital length of stay was significantly
shorter among patients who underwent preoperative consultation (8.17
days vs 8.52 days; difference, —0.35 days; 95% confidence interval [CI],
-0.27 to -0.43; P < .001). ...(4B&)... Consultation was not associated with
reduced mortality at either 30 days (relative risk [RR], 1.04; 95% (I, 0.96 to
1.13; P=.36) or 1 year (RR, 0.98; 95% (I, 0.95 to 1.02; P=.20) after surgery.

Wijeysundera DN et al: Arch Intern Med 169: 595-602, 2009. 45
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Schafer JL, Kang J: Psychol Methods 13: 279-313, 2008.
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D=

EZ:I;’;__] j( %&I{)J% (Average Causal Effect)

BEEMDEKE I N CHIRERFN SIFIREE
HICZILUIZEED, 77D M LAOHAFHE

ACE = E(Yiﬂi%ﬁ'é )_ E(YiﬂlEHE%EE)

7N
ID EIDHTEE BRE IFFIRE KEDHR
1 JEIREE 7.6 6.1 1.5
2 EREE 7.9 7.2 0.7
3 JEBREE 4.1 5.2 1.1
4 BRE= 7.1 4.8 2.3
N JEEREE 8.3 6.9 1.4

T BB

Schafer JL, Kang J: Psychol Methods 13: 279-313, 2008.
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Hji\ﬁggéﬁd):zi/:j j( %&L\)J% (Average Treatment effect for Treated)
BEERIDERKRE D D BIRERFNIFIREERF(C
2Lz EED, 70 MALDERAFHEDZE
ATT = E(Vygge |2, =BREE ) E(V, |2, = IREE)
7 NALA
ID FNDOHTEE BEE  IFRE RERMR
1 JEEREE 7.6 6.1
2 BREE 7.9 7.2 0.7
3 JEBREE 4.1 5.2
4 IRE= 7.1 4.8 2.3
N JEEREE 8.3 6.9
T B RANE
Schafer JL, Kang J: Psychol Methods 13: 279-313, 2008. 49
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Ha==] AR =4 K

PREE S5 & 3NERDIEXE
TS5ARVTVICZZ T DEUE FHHRRMR BEEIANCICHFZIEEID &
BANEEZE#NDDMTFIREDR (FLEERRY 24
=S
BUEENDES(LESNICEARE BREEFOF BEEINTICEETOTSLZE
DEET OIS LDNE ENESYIES Mg 3 E(FIREM TR

Austin PC: Multivariate Behav Res 46: 399-424, 2011. 50
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Austin PC: Multivariate Behav Res 46: 399-424, 2011. 51
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] ZODF
{t8ra) X 17 DOFA;
, 69%
J9F
JAA0
7%
BHfTIT
14%
Eﬂ: 19%
- 21%
O [2) &5 2006-2009 (4747)
| T T T
0 20 40 60 30
[1] Ali MS et al: J Clin Epidemiol. 2014 Nov 26. pii: S0895-4356(14)00347-3
[2] Gayat E et al: Intensive Care Med. 2010 Dec;36(12):1993-2003. 54
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IREEFDEARY 1 X

[1] EEFJE% 2006-2009 (47%%) 121 1310
[2] 4K 1983-2003 (177#®m) 198 635 2247
[3] £14& 2001 (47%R) 182 805 3802

[1] Gayat E et al: Intensive Care Med. 2010 Dec;36(12):1993-2003.
[2] Stirmer T et al: J Clin Epidemiol. 2006 May;59(5):437-47.
[3] Weitzen S et al: Pharmacoepidemiol Drug Saf. 2004 Dec;13(12):841-53. 55
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s \lg\ O)y
iF 53 | PoE |34
[1] EEHHATE 2006-2009 (47#R) 9 15 22
[2] &4k 1983-2003 (1774#R) 10 17 28
[3] &4 2001 (47im) 8 17 27
[1] Gayat E et al: Intensive Care Med. 2010 Dec;36(12):1993-2003.
[2] Stirmer T et al: J Clin Epidemiol. 2006 May;59(5):437-47.
[3] Weitzen S et al: Pharmacoepidemiol Drug Saf. 2004 Dec;13(12):841-53. 56
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AT X %

(130im)

NEGL 35544 s S EX
1 Circ J 8
2 Int J Cardiol 4
3 Cardiovasc Diabetol 3
4 Eur J Cardiothorac Surg 3
5 Cardiovasc Interv Ther 2
6 Clin Ther 2
7 Crit Care 2
8 Crit Care Med 2
9 Eur Heart ) 2
10 Hepatol Res 2
11 Int J Hematol 2
12 J Atheroscler Thromb 2
13 J Cardiol 2
14 J Gastroenterol 2
15 J Gastroenterol Hepatol 2
16 J Thromb Haemost 2
17 JAMA 2
18 PLoS One 2
19 Value Health 2
20 T DAt (1) 82
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Res. 2014 Jan;3(1):63-78.
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Elizabeth A. Stuart

Abstrarr. When estimating
sirable 1o replicate a rando

Matchlng Methods for Causal Inference:
A Review and a Look Forward

al effec
wed experiment as closely as possible by ob-
aining weated and comrol groups with

using abservational data, it is de-

nilar covariate distributions. This

goal can often be achicved by choosing well-matched samples of the original
treated and control groups, thereby reducing bias due (o the covariates, Since
the 1970s, work on matching methods has examined how (o best choose
treated and control subjects for comparison. Matching methods are gaining
popularity in fields such as economics, epidemiology, medicine and political
seience. However, until now the literature and related advice has been scal-
tered seross discipline: searchers whe are interested in using matching
methixbs—or developing methods related to matching—cdo not hive a single
place to wum o leamn abour past and current research. This paper provides
a structure for thinking about matching methods and guidance on their use,
coalescing the existing research (bath old and new) and providing a summary
of where the literature on matching methods is pow and where il should be
headed.

Ke
fic

ation, welghting,

1. INTRODUCTION

e of the key benefits of rndomized experiments
for estimating cousal effects is tha the weated and
control groups are guaranteed 0 be only mandomly
different from oie ancther on all background covar
ates, hoth ohserved and unebserved. Work on mutching
methods has examined how to replicate this as much
as pemsible for observed covariates with observational
{nonrandomized) daa. ¢ carly work in matching,
which begun in the 19405, the methods have increased
in both complexity and use. However, while the field
is expanding. there has been no single source of infor-
matson fof researchers interested in an overview of te
methods and technigues available. nor o summary of
advice for applied researchers interested in implement-
ing these methods. In contrast, the rescarch and re-
sources have been scattered across disciplines such as

Elizaiveth A Stwart ix Axsistant Peofessor Departments of
Mentul Health and Bivstaristics, Johus Hopling Bloomberg
Schou of Pubdlic Heolth, Balyimae, Miryfand 21205, USA

v words and phrases:  Observational study, propensity scores, subelassi-

fe-muail; extart@ . edil,

statistics (Rosenhaum, 2002; Rubin, 2006), epidemiocl-
ogy (Brookhan en al.. 2006), sockology (Morgan amd
Handing, 206), economics (Imbens, 2004) and polis-
#eal science (Ho et al, 2007). This paper coalesces
the diverse literature on matching methads, bringing
together the original work on matching methods—of
which many current researchers are mol awarc—ansl
tying together ideas across disciplines, In sbdition 1o
providing guidance on the use of maiching methods,
the paper provides a view of where research on masch-
T methosds: chould be headed.

We define “matching” broadly 10 be any method that
.mn 10 equate {or “balance”) the distribution of ¢o-
5 in the treated amd control groups. This may
imvolve 121 matching, weighting or subclassification,
The use of matching methods is in the broader con-
text of the careful design of nonexperimental studies
(Rnwnl‘.lum 1994, 2002; Rubin, 2007). While ex
i e and effort is put into the careful design of ran-
domized experiments, relatively lintle effort is put into
the comesponding “design” of nonexperimental stud-
ies. In fact, precisely because nonexperimental stadies
do me have the benefit of randomization, they require

Mulitvariare Bel
Cuopyright £ Taylor & Francis, Croup.
ISSN: 0027-3171 print/1 $32-T906 online
DOE: 1 I08OAK2TIITL 2001 568786
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An Introduction to Propensity Score
Methods for Reducing the Effects of
Confounding in Observational Studies

Peter C. Austin
Institute for Clinical Evaluative Sciences
Deparmment of Health Managemen, Folicy and Evaluarion,
University of Tornte

The prop v SCOMC 18 the P ol wreatment on
ﬂbwmsl baseline .;Iummmm» The propensity score allows one 10 design and
observational (noarandomized) stusdy so tat it mimics some of the par

ticular ¢l
seore is o
of observed baseline co
subjects. | describe

of a trial, In pusticular, the propensity
hulinging seore: conditional on the propensity score, the disiribution
wriates will be similar between treated and untreated
different propensity score methods: matching on the propen

sty seore, strtification on (he propensity score, mverse probability of restment
weighting using the propensity scone, and i j using the prop
score, | deseribe balance diagnostics for ining whether the ity score
ol las been adequately specified. L1 disenss o5 belween
based methods and prog t I mcthods Tor the analysis of

nhvcn.umual data. 1 describe dlﬁ’cnm causal average wearment effects and their
relationship with propensily score analyses,

Randvmized controlled i

ls (RCTs) wre considered the gold st

has

Correspondence concerning this artscle shoukl be addnessed 1w Peter C. Austing, Instibale for
iences, Gl 06, 2075 Bayview Avenue, Toronto, Ontario, MAN 3MS5, Canada.

Clinical Evaluative
E-madl: peteraustin@ ccs.on.ca
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avioral Research, $6:399-424, 2011 \P P;y(hohyy Press

ard approach
for estimading the effects of - interventions, and exposures (hereafler
referred Lo us treatments) on outcomes. Random treatment allocation ensures that
treatment status will not be confounded with either measured or unmeasured
ine characteristics. Therefore, the effect of treatment on outcomes can

[1] Stuart EA:
[2] Austin PC:

Stat Sci 25:1-21, 2010
Multivariate Behav Res 46: 399-424, 2011.
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ID

PS

tl
t2
t3
t4
t5
t6

0.48
0.97
0.69
0.68
0.96
0.34

cl
c2
c3
c4
c5
cb

0.31
0.00
0.74
0.02
0.52
0.29

Y

Nearest neighbor matching
mIEEENIE VR ZED

IRFEREF JFFIRTERT

BEEDL > > (&
0.04~0.93

ERREDEET (&
2.31

ID PS1 ID PS2 |PS1-PS2|
tl 048 ¢S5 0.52 0.04
t2 097 3 0.74 0.23
t3 069 1 031 0.37
t4 0.68 c¢c6 0.29 0.39
t5 096 4 0.02 0.93
t6 034 «c2 0.00 | 034

‘ 2.31

Austin PC: Multivariate Behav Res 46: 399-424, 2011.
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Optimal matching
BIEEE DS R/ NMNITIRDINRT Z2ED

ID PS IRF=EE  FEERFTEET
048 ID PSI ID PS2 |PS1-PS2| - .
tz 097 t1 048 <6 029 [ 019 EpBEDL > (3
t3  0.69 0.03~0.95
4 068 £2 097 4 002 | 095
t5 096 itB 069 <5 052 | 0.16
t6  0.34 t4 068 <2 000 | 068
cl 031 t5 096 <3 074 | 021 PEEEDEET (&
zg 8:32 t6 034 1 031 | 003 2.22
4 002 2.22
c5 0.52
6 029

Austin PC: Multivariate Behav Res 46: 399-424, 2011. 65
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