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Survival analysis with time-varying covariates in SAS
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The Research Question
 Are patients who are taking Are patients who are taking ACE/ARBs medications less likely to ACE/ARBs medications less likely to progress to chronic atrial progress to chronic atrial fibrillation?fibrillation?
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Atrial fibrillation (AF)
 Atrial fibrillation is an irregularity Atrial fibrillation is an irregularity of the heart’s rhythm of the heart’s rhythm • Due to chaotic electrical activity in Due to chaotic electrical activity in
 the upper chambers (atria), the atria the upper chambers (atria), the atria quiver instead of contracting in an quiver instead of contracting in an organized manner.  organized manner. 
 Chronic AF (CAF) Chronic AF (CAF) patient in AF patient in AF for long time period (> 7 days?)for long time period (> 7 days?)
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Heart Diagram
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ACE/ARB medications
 Medications that generally affect Medications that generally affect blood pressureblood pressure
 • Lowering blood pressure in patients Lowering blood pressure in patients with hypertension is associated with with hypertension is associated with lowering the risk of strokelowering the risk of stroke
 • Here, test if these meds are Here, test if these meds are associated with slower progression associated with slower progression to CAFto CAF
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What does the data look like? CAnadian nadian Registry of egistry of Atrial trial
 Fibrillation (CARAF)ibrillation (CARAF)• Enrolled patients with first ECG Enrolled patients with first ECG
 documented AFdocumented AF• 3 month follow-up and then yearly 3 month follow-up and then yearly
 follow-ups for 10 years follow-ups for 10 years • Medical history, medications, AF Medical history, medications, AF
 recurrencerecurrence• Observational prospective dataObservational prospective data
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About the data…
 Medications taken since last visit Medications taken since last visit recordedrecorded• Medication use can change year by yearMedication use can change year by year• Actual dates of start (or stop) of medication Actual dates of start (or stop) of medication
 is not knownis not known
 At each follow-up visit, record At each follow-up visit, record occurrence of chronic AF since last visitoccurrence of chronic AF since last visit
 Not all patients have had the same Not all patients have had the same amount of follow-up time amount of follow-up time • Patients are censored when structural heart Patients are censored when structural heart
 disease developsdisease develops
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Given the data structure and question Cox model with time-varying covariate
 Event is progression to CAF Event is progression to CAF • Once a patient develops CAF, patient Once a patient develops CAF, patient
 no longer followedno longer followed
 ACE/ARB use as time-varying covariateACE/ARB use as time-varying covariate Adjust for gender and age when first Adjust for gender and age when first
 confirmed with AFconfirmed with AF Censor on death and at diagnosis of Censor on death and at diagnosis of
 structural heart diseasestructural heart disease
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Cautions about this type of modeling
 Careful consideration to choose form of Careful consideration to choose form of time dependent covariatetime dependent covariate• most current value? lagged value? weighted most current value? lagged value? weighted
 average of previous values?average of previous values?
 Individualized predictions not possibleIndividualized predictions not possible Check time sequence of covariate and Check time sequence of covariate and
 outcomeoutcome• event is diagnosis of disease, weight as time-event is diagnosis of disease, weight as time-
 varying covariatevarying covariate
 Fisher, LD. and DY Lin. 1999. Annu. Rev. Public Fisher, LD. and DY Lin. 1999. Annu. Rev. Public Health. 20:145 – 57.Health. 20:145 – 57.
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Cautions about this type of modeling TD covariates of exposure or TD covariates of exposure or
 treatment related to the health of the treatment related to the health of the patientpatient• internal vs. external covariatesinternal vs. external covariates• treatment/exposure dependent on treatment/exposure dependent on
 intermediateintermediate
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Y1 Y3 Y4 Y5Y2
 BL
 Q1
 Data collection
 Y4
 CAF
 ACE/ARB
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Modelling in SAS using PROC PHREG
 Data can be set up in two waysData can be set up in two ways
 • Counting process formatCounting process format
 • Single observation formatSingle observation format
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The Counting Process Format Based on counting processes and Based on counting processes and
 martingale theorymartingale theory• Data for each patient is given by {N,Y,Z}Data for each patient is given by {N,Y,Z}• models the intensity/rate of a point processmodels the intensity/rate of a point process
 References for counting process References for counting process formulation of survival analysisformulation of survival analysis• Hosmer, D.W. Jr. and Lemeshow, S. (1999), Hosmer, D.W. Jr. and Lemeshow, S. (1999), Applied Applied
 Survival Analysis: Regression Modeling of Time to Survival Analysis: Regression Modeling of Time to Event Data.Event Data. Toronto:John Wiley & Sons, Inc. Toronto:John Wiley & Sons, Inc.
 • Therneau, T. M. and Grambsch, P. M. (2000), Therneau, T. M. and Grambsch, P. M. (2000), Modeling Survival Data: Extending the Cox ModelModeling Survival Data: Extending the Cox Model, , New York: Springer-Verlag.  New York: Springer-Verlag.  
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The Counting Process
 Not only useful for modelling Not only useful for modelling time-dependent covariates, but time-dependent covariates, but alsoalso• Time-dependent strataTime-dependent strata• Staggered entryStaggered entry• Multiple events per subjectMultiple events per subject
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Counting process format
 Multiple rows of observation/patientMultiple rows of observation/patient Specify for each observationSpecify for each observation
 (start time, end time, indicator for event)(start time, end time, indicator for event) At risk interval as:At risk interval as:
 ((start time, end timestart time, end time]] Indicator for event at the end timeIndicator for event at the end time
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Example of CARAF Data
 caraf_no confirm_dt event_dt caf_yn sex ace_arb
 01KAIJ0087 11/06/1993 09/09/1993 0 M 0
 01KAIJ0087 11/06/1993 06/07/1994 0 M 0
 01KAIJ0087 11/06/1993 27/06/1995 0 M 1
 01KEEE0550 22/03/1994 08/08/1994 0 M 1
 01KEEE0550 22/03/1994 08/08/1995 0 M 1
 01KEEE0550 22/03/1994 17/09/1996 0 M 1
 01KEEE0550 22/03/1994 08/04/1997 0 M 0
 01KEEE0550 22/03/1994 27/04/1998 0 M 1
 01KEEE0550 22/03/1994 26/07/1999 0 M 1
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Counting process format
 caraf_no start_day end_day censor sex prev_acearb
 01KAIJ0087 0 90 0 0 0
 01KAIJ0087 90 390 0 0 0
 01KAIJ0087 390 746 0 0 0
 01KEEE0550 0 139 0 0 1
 01KEEE0550 139 504 0 0 1
 01KEEE0550 504 910 0 0 1
 01KEEE0550 910 1113 0 0 1
 01KEEE0550 1113 1497 0 0 0
 01KEEE0550 1497 1952 0 0 1
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Since the counting process format Since the counting process format can be used for a variety of data can be used for a variety of data structures, easy to incorrectly structures, easy to incorrectly structure data, so…structure data, so…
 Beware!
 CHECK, CHECK, CHECK formatted CHECK, CHECK, CHECK formatted data to ensure that all possible data to ensure that all possible configurations of (start, stop] configurations of (start, stop] intervals are created correctlyintervals are created correctly

Page 19
						

Counting process method
 proc phreg data=count;model (start_day,
 end_day)*censor(0) = age_confirm sex prev_acearb/rl;run;
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Single observation format
 One record per subjectOne record per subject Create an vector of values for Create an vector of values for
 time and the time-varying time and the time-varying covariatecovariate
 Also, require time to Also, require time to event/censoring and a censor event/censoring and a censor indicatorindicator
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Single observation data format
 caraf_noDays2
 evt ace0 ace1 ace2 ace3 ace4 ace5 ace6 ace7 ace8 ace9 ace10
 01KAIJ0087 746 0 0 0 . . . . . . . .
 01KEEE0550 1952 1 1 1 1 0 1 . . . . .
 caraf_no censordays
 0days
 1days
 2days
 3days
 4days
 5days
 6days
 7days
 8days
 9days
 10
 01KAIJ0087 0 90 390 746 3885 3886 3887 3888 3889 3890 3891 3892
 01KEEE0550 0 139 504 910 1113 1497 1952 3888 3889 3890 3891 3892
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Single observation methodproc phreg data= single_obs;
 model days2evt*censor(0)= age_confirm sex prev_acearb/rl;
 array a_acearb{*} ace0-ace10; array a_time{*} days0-days10;
 if days2evt <= a_time[1] then do;prev_acearb=a_acearb[1]; end;
 else if days2evt > a_time[11] then do;prev_acearb=a_acearb[11]; end;
 else do i=1 to 10; if a_time[i] < days2evt <= a_time[i+1] then do;
 prev_acearb=a_acearb[i+1]; end;
 end; run;
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Caution when formatting the data
 Check, check and check data Check, check and check data formatformat• Print out subset of data to see if Print out subset of data to see if
 programming statements choose the programming statements choose the correct time-varying covariate valuecorrect time-varying covariate value
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Results
 Counting Process Method
 2.4750.5021.1150.78950.07130.406850.108621prev_acearb
 1.5810.5340.9190.76030.09310.27681-0.084451sex
 1.0601.0111.0350.00418.24630.012140.034861age_confirm
 95% Hazard Ratio
 Confidence Limits
 HazardRatioPr > ChiSqChi-Square
 StandardError
 ParameterEstimateDFVariable
 Analysis of Maximum Likelihood Estimates
 Single Observation Method
 2.4750.5021.1150.78950.07130.406850.108621prev_acearb
 1.5810.5340.9190.76030.09310.27681-0.084451sex
 1.0601.0111.0350.00418.24630.012140.034861age_confirm
 95% Hazard Ratio
 Confidence Limits
 HazardRatioPr > ChiSqChi-Square
 StandardError
 ParameterEstimateDFVariable
 Analysis of Maximum Likelihood Estimates
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Model Information – Single Observation Method
 Number of Observations ReadNumber of Observations Used
 361361
 Summary of the Number of Event and Censored Values
 Total Event CensoredPercent
 Censored
 361 57 304 84.21
 Model Information
 Data Set WORK.SINGLE_OBS
 Dependent Variable days2evt
 Censoring Variable censor
 Censoring Value(s) 0
 Ties Handling BRESLOW
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Model Information – Counting Process Method
 Number of Observations ReadNumber of Observations Used
 18761876
 Summary of the Number of Event and Censored Values
 Total Event CensoredPercent
 Censored
 1876 57 1819 96.96
 Model Information
 Data Set WORK.COUNT
 Dependent Variable start_day
 Dependent Variable end_day
 Censoring Variable censor
 Censoring Value(s) 0
 Ties Handling BRESLOW
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Residual analysesFor Single observation format
 proc phreg data= single_obs;
 model days2evt*censor(0)= age_confirm sex prev_acearb/rl;
 array a_acearb{*} ace0-ace10;
 array a_time{*} days0-days10;
 .
 .
 output out=single_res resmart=resmart ressch=resch ressco=ressco;
 run;
 WARNING: The OUTPUT data set has no observations due to the presence of time-dependent explanatory variables.
 NOTE: Convergence criterion (GCONV=1E-8) satisfied.
 NOTE: The data set WORK.SINGLE_RES has 0 observations and 8 variables.
 NOTE: PROCEDURE PHREG used (Total process time):
 real time 0.12 seconds
 cpu time 0.07 seconds
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Residuals - continued
 Counting Process Format
 proc phreg data=count;
 model (start_day, end_day)*censor(0) = age_confirm sex prev_acearb/rl;
 output out=count_mres resmart=resmart ressch=resch ressco=ressco;
 run;
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Counting process format
 NOTE: Convergence criterion (GCONV=1E-8) satisfied.
 NOTE: PROCEDURE PHREG used (Total process time):
 real time 0.07 seconds
 cpu time 0.06 seconds
 Faster computations?
 Single observation format
 NOTE: Convergence criterion (GCONV=1E-8) satisfied.
 NOTE: PROCEDURE PHREG used (Total process time):
 real time 0.10 seconds
 cpu time 0.07 seconds
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Incorrect time interval
 caraf_no visit
 confirm_ event_ start_ end_
 censordate date day day
 06LAFL0178 q1 15/01/1993 30/04/1993 0 105 0
 06LAFL0178 y1 15/01/1993 24/03/1993 105 68 1
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Incorrect time interval – cont’d
 Single observation methodSingle observation method
 NOTE: Convergence criterion (GCONV=1E-8) satisfied.NOTE: PROCEDURE PHREG used (Total process time): real time 0.57 seconds cpu time 0.26 seconds
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Single observation
 Model Information
 Data Set WORK.SINGLE_OBS
 Dependent Variable days2evt
 Censoring Variable censor
 Censoring Value(s) 0
 Ties Handling BRESLOW
 83.9830458362
 PercentCensoredCensoredEventTotal
 Summary of the Number of Event and Censored Values
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Incorrect time interval-cont’d
 NOTE: 1 observations were deleted due either to missing or invalid values for the time, censoring, frequency or explanatory variables or to invalid operations in generating the values for some of the explanatory variables.NOTE: Convergence criterion (GCONV=1E-8) satisfied.NOTE: PROCEDURE PHREG used (Total process time): real time 0.82 seconds cpu time 0.29 seconds
 Using the counting process methodUsing the counting process method
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Counting process
 Model Information
 Data Set WORK.COUNT
 Dependent Variable start_day
 Dependent Variable end_day
 Censoring Variable censor
 Censoring Value(s) 0
 Ties Handling BRESLOW
 96.971822571879
 PercentCensoredCensoredEventTotal
 Summary of the Number of Event and Censored Values
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Incorrect time interval
 If at risk interval has the same If at risk interval has the same start and end timestart and end time
 caraf_no confirm_dt event_dt start_day end_day
 01CRED0022 11/07/1991 17/01/1992 0 190
 01CRED0022 11/07/1991 08/07/1992 190 363
 01CRED0022 11/07/1991 30/08/1994 363 1146
 01CRED0022 11/07/1991 30/08/1994 1146 1146
 01CRED0022 11/07/1991 09/08/1995 1146 1490
 01HARD0032 23/08/1991 04/09/1992 0 378
 01HARD0032 23/08/1991 04/09/1992 378 378
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Incorrect time interval
 In the log file:In the log file:
 • Counting process – note identifies # Counting process – note identifies # observations excluded and analyses observations excluded and analyses continues without problemscontinues without problems
 • Single observation – no note Single observation – no note analyses continues without analyses continues without problemsproblems
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Missing mid follow-up
 Counting ProcessNOTE: 140 observations were deleted due either to missing or invalid values for the time, censoring, frequency or explanatory variables or to invalid operations in generating the values for some of the explanatory variables.NOTE: Convergence criterion (GCONV=1E-8) satisfied.
 Single ObservationNOTE: 63 observations that were events in the input data set are counted as censored observations due to missing or invalid values in the time-dependent explanatory variables.NOTE: Convergence criterion (GCONV=1E-8) satisfied.

Page 38
						

Age as fixed or time-varying?Age as time-varying
 proc phreg data= single_obs;
 model days2evt*censor(0)= /*age_confirm*/ age_fup sex prev_acearb/rl;
 array a_acearb{*} ace0-ace10; array a_time{*} days0-days10;
 age_fup=age_confirm + days2evt; if days2evt <= a_time[1] then do;
 prev_acearb=a_acearb[1]; end; else if days2evt > a_time[11] then do;
 prev_acearb=a_acearb[11]; end; else do i=1 to 10; if a_time[i] < days2evt <= a_time[i+1] then do;
 prev_acearb=a_acearb[i+1]; end; end; run;
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Analysis of Maximum Likelihood Estimates
 Variable DFParameter
 EstimateStandard
 ErrorChi-
 Square Pr > ChiSqHazard
 Ratio
 95% Hazard Ratio
 Confidence Limits
 age_fup 1 0.03486 0.01214 8.2463 0.0041 1.035 1.011 1.060
 sex 1 -0.08445 0.27681 0.0931 0.7603 0.919 0.534 1.581
 prev_acearb 1 0.10862 0.40685 0.0713 0.7895 1.115 0.502 2.475
 Single Observation Method
 2.4750.5021.1150.78950.07130.406850.108621prev_acearb
 1.5810.5340.9190.76030.09310.27681-0.084451sex
 1.0601.0111.0350.00418.24630.012140.034861age_confirm
 95% Hazard Ratio
 Confidence Limits
 HazardRatioPr > ChiSqChi-Square
 StandardError
 ParameterEstimateDFVariable
 Analysis of Maximum Likelihood Estimates
 Age as time-varying
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Age as time-varying Why are the results the same for Why are the results the same for
 either fixed or time-varying age?either fixed or time-varying age?
 log hlog hii(t) = a(t) + b(t) = a(t) + bsexsexxxi1i1 + b + bage_fupage_fupxxi2i2((tt) ) + b+ bprev_acearbprev_acearbxxi2i2((tt) )
 Recall: xRecall: xi2i2((tt) = x) = xi2i2((00) + t) + t
 Rewrite equation as:Rewrite equation as:
 log hlog hii(t) = a*(t) + b(t) = a*(t) + bsexsexxxi1i1 + + bbage_fupage_fupxxi2i2((00) + b) + bprev_acearbprev_acearbxxi2i2((tt))
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Comparison between the two methods Parameter estimates are equivalent between Parameter estimates are equivalent between
 methodsmethods Counting process format can be used to model Counting process format can be used to model
 other types of analysesother types of analyses Residual analysis possible only with the Residual analysis possible only with the
 counting process formatcounting process format Counting process provides notes in log if Counting process provides notes in log if
 incorrect sequential time intervals foundincorrect sequential time intervals found Easier to check for correct time-varying Easier to check for correct time-varying
 covariate value in the counting process formatcovariate value in the counting process format Counting process method faster?Counting process method faster?
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Summary Easy enough to carry out survival Easy enough to carry out survival
 analysis with time-varying covariates in analysis with time-varying covariates in SAS SAS butbut requires careful consideration if requires careful consideration if appropriate to do and how to formulateappropriate to do and how to formulate
 Two equivalent methods for formatting Two equivalent methods for formatting for this type of analyses for this type of analyses • some advantages to the counting process some advantages to the counting process
 methodmethod
 CHECK your data format regardless of CHECK your data format regardless of choice!choice!
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