PhUSE 2014
Paper HEO4

Simple and Efficient Matching Algorithms for Case-Control Matching

Berber Snoeijer, PHARMO, Utrecht, The Netherlands
Edith Heintjes, PHARMO, Utrecht, The Netherlands

ABSTRACT

Epidemiological studies comparing outcomes between patientgroups with or without certain exposures to treatments or
risk factors are prone to bias, caused by differences in patientcharacteristics. To allow drawing reliable conclusions from
such studies, patientgroups should be exchangeable. To achieve this, matching exposed patients (here called cases) to
reference patients (here called controls) based on important characteristics mayhelp to ensure exchangeability. In studies
with rare outcomes a case control design maybe more opportune, where patients with the outcome (cases) will be
matched to patients withoutthe outcome (controls) based on predefined criteria. Matching criteria can be either exact
class variables (e.g.gender, specific comorbidity) or continuous variables which should be matched within a certain range
(e.g. age, propensityscore). Matching algorithms can take a lot of processing time and memory, which may resultin
failure to complete the match, or forcing researchers to match in several batches, which is undesirable. This paper will
focus on a fastand efficient SAS algorithm thatis used to match a predefined maximum number of controls to each case,
based onthese predefined factors.

INTRODUCTION

In many epidemiologic studies, control subjects are matched to cases to make the disease (case) and non-disease
(control) groups comparable with respectto matching criteria and thus reduce bias. Similarly, unexposed patients
(controls) are often matched to exposed patients (referred to as cases in this paper for convenience). Matching methods
for those studies maydiffer according to the preferences ofthe study. Matching can be performed on exact variables like
gender and specific co morbidity, on range variables like age and propensityscore and often also on a combination of
both.

Not all study designs require a fixed number of controls percase, especiallywhen itis desirable in view of power
considerations to have as many controls as possible. Ifa fixed nhumberis notrequired, the ideal situation would still be a
datasetwith all cases matched and the controls divided evenly over all cases. The distance between the range values of
case and corresponding controls should be as minimal as possible. To reduce computational time, the Greedy principle is
often used instead ofan optimal distribution method to find the closestmatch. This principle handles the cases one byone
in a random order. After handling ofeach case, the corresponding matched controls will notbe evaluated again for a later
caseregardless of whether that would be the only match for that case.

This paperdescribes the features ofa macro we developed according to an optimal distribution technique thatstill uses
acceptable and even less programming time in SAS. The direct reason for developing this macro was a study we had to
perform with approximately9000 cases and 225000 possible controls. This matching was performed using the greedy
principle and took more than 12 hours in SAS when performing matching steps for each of the 9000 cases.

BACKWARDS CASE SELECTION
Epidemiologystudies onreal life data are often performed on big datasets. Therefore, techniques for efficient
programming should be used to limitthe programming time and to make sure thatthe system can still handle the process.

The first requirements for efficiently running amacro on large datasets are as follows:
- Try to limitthe number of data steps
- Try to limitthe number ofsortsteps
- Try to minimize the size of datasets
- Try to minimize the number of matching iterations

Considering these points and the facts that usuallymultiple controls are matched to one case, and controls are used only
once, we decided not to selectthe bestcontrols ona case by case basis butto check which match would be bestfor a
certain control. Doing this we could match a greatnumber of controls to cases in one step rather than case by case. The
corresponding I/O time and thus run time was reduced considerably.



For this approach the controls should be matched to all possible cases thatmeetthe criteria of a possible match. Using
SQL this can be done efficiently and in one step. Thereafter, we add a random numberto all case -control options and sort
by this random number. If more than 1 control is matched to a particular case,we can selectas many controls as desired
and put the rest of the controls backinto the selection pool. In this way, the selection pool reduces quicklyand only a few
iterations are necessaryto match the remaining controls to cases thatdo not have the maximum number of controls yet.
This makes the procedure efficientand fast.

The basic principle translated to a programming environmentis as follows:

1) All cases are combined with all possible matches using PROC SQL

2) Arandom numberis added to all possible combinations

3) The datasetis sorted by the control patientnumbers and the new random number

4) The first match per control is picked

5) The datasetis sorted by the case patient numbers

6) The numberofmatches are counted and only matches up to the maximum number of matches per patientare

kept

Step 2 to 6 can be repeated with the remaining possible combinations for the remaining cases which do nothave the
maximum number of matches until no possible combinations are left.

The SAS code we used for this is as follows (step 2to 6 of the above listed actions):
SLET seed=123;
$SLET maxmatch=4;

$LET reuse control= no;

data Input2;
set Input;

randomnum = ranuni (&Seed) ;
run;
proc sort data = Input2;

by Pt control randomnum;
run;

data Resultl;
set Input2;
by Pt control;
%IF &reuse control = no $THEN $STR(if first.pt control then output;) ;

run;
proc sort data = Resultl;

by Pt case randomnum;
run;

data result2;
~ SET _resultl;

retain Matchno;

by Pt case;

if first.pt case then Matchno=1;

ELSE MatchNo=MatchNo+1;

if Matchno<=&MaxMatch then output result2;

run;

This method is very fast and is perfect for exact matching. However, it does notyet pick the closestmatch to a case and
the distribution of controls over cases is probablyunbalanced. Afew moderations and additions are necessaryto balance.
First of all we can add a limitation to the maximum number of controls matched perround. Then each case will have the
same opportunityto get as many controls as possible. Of course this willincrease the SAS run time, but still within
acceptable levels.

Getting the closestmatch in an optimal way is somewhat more difficultand is described in the next paragraph.



CLOSEST MATCH

Next to variables that are matched on exact values there are also variables to be matched ona (maximum)range of
values like age and propensityscore. For these variables, itis importantto match a control which is closest to the case.
First of all, the absolute distance between the case and control is needed to be able to evaluate this. Then we let this
difference prevail above the random number thatwe also have calculated. See the adapted SAS code below:

data Input2;
set Input;
randomnum = ranuni (&Seed) ;
AbsDif = Abs (CaseVal-RefVal) ;

run;
proc sort data = Input2;

by Pt control AbsDif randomnum;
run;

data Resultl;

set Input2;

by Pt control;

%IF &reuse control = no $THEN $STR(if first.pt control then output;) ;
run;

However, to match as many cases as possible is notas easyas it seems. Amatch that is closestto case 1 could be also
the only match for case 2 although it then is not as close to case 2. To illustrate this we present atest datasetbelow and
propose methods which could overcome this problem.

Our exampleis a datasetof 3 cases with scores 1.5,1.7 and 1.9 and a datasetwith 6 possible controls with scores 1.6,
1.7,1.8, 1.85,1.9 and 2.0. All accepted combinations with the restriction that the difference cannotbe morethan 0.2 are

presented in the table below.

Case Case Control | Control Difference
ID ID

1 15 10 1.6 0.1
1 15 11 1.7 0.2
2 1.7 10 1.6 0.1
2 1.7 11 1.7 0

2 1.7 12 1.8 0.1
2 1.7 13 1.85 0.15
2 1.7 14 1.9 0.2
3 1.9 11 1.7 0.2
3 1.9 12 1.8 0.1
3 1.9 13 1.85 0.05
3 1.9 14 1.9 0

3 1.9 15 2.0 0.1

To get the closestmatch, we will have to sorton the case and then indicate the closestmatched control. Of course, control
1.7 is the bestmatch for case 1.7. However, it is also one of the two only possible matches forcase 1.5. The other
possible match for 1.5 is as likely to be matchedto 1.7 as to 1.5. To overcome this problem and to direct the control 1.7 to
the less likelycase of 1.5, we tried two possible priorityindications.



First of all each possible match was given a priority number as indicated below byordering per case all possible
differences with the controls and adding a rank number accordingly. However, when sorting on this rank priority variable,

the value 1.7 will stillbe matchedto 1.7 and notto 1.5.

Case Case Controlld | Control Difference Priority Possible
Id Value value matches
1 15 10 1.6 0.1 1 2
1 15 11 1.7 0.2 2 2
2 1.7 10 1.6 0.1 2.5 5
2 1.7 11 1.7 0 1 5
2 1.7 12 1.8 0.1 25 5
2 1.7 13 1.85 0.15 4 5
2 1.7 14 19 0.2 5 5
3 1.9 11 1.7 0.2 5 5
3 1.9 12 1.8 0.1 3.5 5
3 1.9 13 1.85 0.05 2 5
3 1.9 14 1.9 0 1 5
3 19 15 2.0 0.1 3.5 5

Another optionis to add the number of possible matches per case as a priorityvariable (See table below). This results ina
priority of control 1.7 to be matchedto case 1.5 instead of to case 1.7. In the second table, the values are sorted by control
and priority variables. Each first match of the sorted control listwill be included (see bold rows).

Case Case Control Id Control Difference Distance Number of Matched

Id value value Case Priority | possible
matches

1 15 10 1.6 0.1 1 2 X

2 1.7 10 1.6 0.1 2.5 5

1 15 11 1.7 0.2 2 2 X

2 1.7 11 1.7 0 1 5

3 1.9 11 1.7 0.2 5 5

2 1.7 12 1.8 0.1 2.5 5 X

3 1.9 12 1.8 0.1 35 5

3 1.9 13 1.85 0.05 2 5 X

2 1.7 13 1.85 0.15 4 5

3 1.9 14 1.9 0 1 5 X

2 1.7 14 1.9 0.2 5 5

3 1.9 15 2.0 0.1 3.5 5 X

In this way every controlis matched to the bestpossible case. To get an even better distribution of cases over controls,
the actions can be performed in a balanced wayby only adding 1 control per case per matching round.

All possible matches including the matched control are removed from the match pool and all matched cases are removed
as well. This makes the pool datasetsmaller after each iteration and thus the remaining process faster and fasterin each
round. After removing the matched cases and controls, the priority and number of possible matches will be estimated
again for each round (see below).

Caseid | Case Controlid | Control Difference Priority Possible
matches

1 15 11 1.7 0.2 il il

2 1.7 11 1.7 0 1 2

3 1.9 11 1.7 0.2 3 3

2 1.7 13 1.85 0.15 3 2

3 1.9 13 1.85 0.05 1 3

3 1.9 15 2.0 0.1 25 3

This method increases the probabilitythat cases getany controls, and that all cases end up with similar numbers of
matched controls. In this example, the resultis a perfectly equal distribution of controls over the cases.

If you include the number of possible matches in your algorithm, you need to be aware that the possibilityexists that some
hard to match cases are matched preferentiallywith possiblylarger differences in the matching criteria. This means that
subsequentmatches ofthe remaining cases maynotbe the optimal match forthose remaining cases, because the
optimal control patientis no longer available. In otherwords, you make a conces sionto find more matched cases, atthe
expense of the closestmatch of some cases.



EXPERIENCES WITH USING THE MACROAND DIFFERENT OPTIONS

The following example shows us the results of matching a control datasetof 15000 possible matches to 1000 possible
cases withamaximum of 10 matches per case. We examined using one or more ofthe different options described above;
distance rank priority, priority of number of possible matches and whetherwe firstadd 1 match to each case before
continuing to the next match or add as many controls perround as possible.

In this datasetit appeared that 23 out of the 1000 cases did nothave any possible match which leaves aremaining 977
cases thatmay be matched. The table below gives an overview of the results of all combinations ofthe differentoptions in
number of cases matched, total number offinal case-control pairs and number ofiiterations necessaryto get to these
results and the corresponding runtime.

Match 1 Distance | Least number of Total number Total number of | Number of Run Time?

control by Rank matches priority of matched case-control iterations

round? Priority cases pairs

No No No 754 4555 16 16 sec

No Yes No 872 4989 5 18 sec

No No Yes 797 5533 6 21 sec

No Yes Yes 784 5536 7 29 sec

Yes No No 931 4653 79 1 min,31
sec

Yes Yes No 951 4992 35 1 min,43
sec

Yes No Yes 964 5152 52 2 min, 23
sec

Yes Yes Yes 963 5127 52 3 min,40
sec

7 restricted to maximal 7 iterations perround, © small variations due to server usage by others mightoccur.

Matching 1 control per round increased the total number of matched cases considerably. The corresponding runtime
increased as well. In addition, using one or both of the the priority options also increased the number of total matched
cases.. The effect of these option was even bigger when matching more controls perround. The leastnumber of matches
priority gave the mostoptimal resultin total number of matched cases, run time and total number of case -control pairs.

Another example with 2500 cases and 25000 possible matches with a maximum of 8 controls percase gave us the results
as presented in the table below. A total of 39 cases did nothave any match which leaves us to 2461 possible casesto be
matched with controls. The number of possible matches of cases to controls is increased exponentiallycompared to the
previous example. This has a direct effect on the runtime. The results for the differentoptions are however, comparable.

Match 1 Distance | Least number of Run Time? Total number | Total number of | Number of
control by Rank matches priority of matched case-control iterations
round” Priority cases pairs

No No No 1 min,4 sec 1670 8025 25

No Yes No 1 min,0 sec 1924 8781 6

No No Yes 1 min, 19 sec 1715 9831 7

No Yes Yes 1 min,57 sec 1685 9828 9

Yes No No 4 min,41 sec 2223 8441 74

Yes Yes No 4 min,37 sec 2290 8859 32

Yes No Yes 5 min, 29 sec 2338 9190 39

Yes Yes Yes 9 min, 37 sec 2308 9171 45

7 restricted to maximal 7 iterations perround, © small variations due to server usage by others mightoccur.

Based on the results ofthe above examples, the leastnumber of matches priorityis chosen as the bestoption to perform
an optimal distribution of controls over cases in case of non-fixed numbers of controls. The distance rank priority has no
additional effectand gives a greatincreasein runtime. It is therefore not used in our algorithms. The priority option has
onlyinfluence on closestrankvariables since for exact matching the number of matches will be equal for all cases that
can be matched to the specific control.



The basic SAS code for this matching technique is as follows:

Proc SQL;
Create table input2 as
select *, ranuni (&Seed) AS randomnum, Count(*) as Nmatches
from InputMe
group_by pt case
order by pt control, Nmatches, AbsDif, randomnum ;
Quit;

data Resultl;

set Input2;

by Pt control;

%IF &reuse control = no $THEN %$STR(if first.pt control then output;) ;
run;

Unfortunately there is still a problem.When the number of possible controlsis very high compared to the number of cases,
one case will take preference for many controls at the same time while the relative difference in this preference is very
small. This mayincrease the number ofiterations considerablysince these cases will have to be matched firstbefore
others can be matched. In our example we have cases thathave over 5000 possible controls while others have only a
few. Therefore, we added a bit of conditional code such thatthere is no preference of a case with 5001 possible matches
over a case with 5002 possible matches. See the adjusted code below.

Proc SQL;
Create table input2 as
select *, ranuni (&Seed) AS randomnum,
case when (Count(*) <= 10) Then count (*)
when (Count(*) <= 100) Then ROUND (count(*),10.)
when (count(*) <= 1000) then round(Count(*),100.)
when (count(*) <= 10000) then round(count (*),1000.)
else 10000 end as Nmatches
from InputMe
group by pt case
order by pt:bontrol, Nmatches, AbsDif, randomnum ;
Quit;

CONCLUSION

The above described method of matching controls to cases is efficientand fastcompared to the case by case methods
that are often used. In this way the run time for matching cases to controls can be decrease while still an optimal
distribution of controls over cases is found. Adding a priority option based on the number of possible matches p ercase
increases the number of cases thatget a match considerablyand gives the bestdistribution of controls over the cases
whenthe closes match should be picked.

There are many papers on case-control matching. Some ofthem describing partofthe principle as described here and
others that can only be used for exact matching. With the procedures and macro developed atPHARMO we can match on
any combination of matching variables, exact matching, range matching and closestmatch.
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