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Supplementary file 2. Cox Proportional Hazards Model With Time-Varying Covariates 

 

Cox proportional hazards modes are commonly used regression models in survival analysis. In 

survival analysis, the response variable is the survival time (or time to an event), which is defined 

as the duration from the beginning of an observation period to the time of an event occurrence or 

the end of the observation, denoted by 𝑇.1,2 The survival function of 𝑇 is defined as the probability 

of observing a survival time greater than some value, 𝑡 , denoted by 𝑆(𝑡) = 𝑃(𝑇 > 𝑡) = 1 −

𝐹(𝑡), where 𝐹(𝑡) is the cumulative density function of the survival time. The hazard function, the 

risk of failure (or event occurrence) in a moment after time t, is defined as ℎ(𝑡) =
𝑓(𝑡)

𝑆(𝑡)
, where 𝑓(𝑡) 

is the density function of the survival time. Suppose there are 𝑛  subjects. Let 𝑥𝑙𝑘(𝑡), 𝑘 =

1,2, … … 𝑝, 𝑙 = 1,2, … … , 𝑛, denote the value of the kth covariate for subject 𝑙 at time 𝑡 and  

 

𝒙𝒍
′(𝒕) = [𝒙𝒍𝟏(𝒕), 𝒙𝒍𝟐(𝒕), … … , 𝒙𝒍𝒑(𝒕)] 

 

denote the vector for the 𝑝  covariates. Cox proportional hazard models with time-varying 

covariates assume that the hazard function for given time-varying covariates is the product of two 

functions: ℎ(𝑡|𝑥(𝑡), 𝛽) = ℎ0(𝑡)𝑒𝑥′(𝑡)𝛽 , where 𝛽 is a vector of unknown regression parameters, 

and ℎ0(𝑡) is a function of survival time.1,2 The estimators of the coefficients are obtained by 

maximizing the partial likelihood function  

 

𝒍𝒑(𝜷) = ∏ [
𝒆𝒙𝒍

′(𝒕(𝒍))𝜷

∑ 𝒆𝒙𝒋
′(𝒕(𝒍))𝜷

𝒋∈𝑹(𝒕(𝒍))

]

𝒄𝒍𝒏

𝒍=𝟏

 

 

where  𝑐𝑙 , 𝑙 = 1,2, … … , 𝑛, is a censor indicator, 𝑡(𝑙)  is ordered survival time of subject 𝑙 , and 

𝑅(𝑡(𝑙)) is the set of all subjects in the risk at time 𝑡(𝑙).  

 

In current study, our outcome is the time duration from the first international generic launch among 

the seven major countries (the beginning of the observation) to the first generic listing in Canada 

(event). We use the Cox proportional hazards model with time-varying covariates to estimate in 
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the ratio of hazards of event occurring (the first generic formulary listing in Canada) in the two 

policy periods (post vs pre). For a given market (subject), the duration might be only in pre-TPF 

(if both the international generic launch and formulary listing in Canada were before TPF), only 

in post-TPF (if the international generic launch was after TPF), or cross the both pre- and post- 

TPF (if the international generic launch was before TPF and the first formulary listing in Canada 

was after TPF or the generic drugs had not be listed in Canada during the study period, i.e., the 

market experienced two policy periods before a generic drug formulary was listed in Canada). 

Moreover, the time from the international generic launch to TPF was in a random fashion as the 

date of international generic launch was random. Thus, in our model, the policy period is a time-

varying covariate, denoted as 𝑥1(𝑡) (pre = 0, post = 1). We adjust for market size (not time-

varying), denoted as 𝑥2 (small = 0, large = 1), and include the interaction between market size and 

policy period, denoted as 𝑥3(𝑡). Under the proportional hazard assumption, the hazard function 

can be written as  

 

𝒉(𝒕|𝒙(𝒕), 𝜷) = 𝒉𝟎(𝒕)𝒆𝜷𝟏𝒙𝟏(𝒕)+𝜷𝟐𝒙𝟐+𝜷𝟑𝒙𝟑(𝒕). 

 

The estimated hazard ratio for policy period (post vs pre) of large markets is 

  

𝑯𝑹(𝒕, 𝒙𝟏(𝒕) = 𝟏 𝒗𝒔 𝒙𝟏(𝒕) = 𝟎|𝒙𝟐 = 𝟏) =
𝒉𝟎(𝒕)𝒆𝜷𝟏+𝜷𝟐+𝜷𝟑

𝒉𝟎(𝒕)𝒆𝜷𝟐
= 𝒆𝜷𝟏+𝜷𝟑 , 

 

while the estimated hazard ratio for policy period (post vs pre) of small markets is 

 

𝑯𝑹(𝒕, 𝒙𝟏(𝒕) = 𝟏 𝒗𝒔 𝒙𝟏(𝒕) = 𝟎|𝒙𝟐 = 𝟎) =
𝒉𝟎(𝒕)𝒆𝜷𝟏

𝒉𝟎(𝒕)
= 𝒆𝜷𝟏 . 

 

Since the policy period was a calendar time dummy variable, it might also capture some calendar 

time-related effects other than the policy. In our analyses, we assumed that the dependent variable 

(duration from the international generic launch to the first formulary listing in Canada) and the 

calendar time of generic formulary listing were independent. We calculated the incident rate 

(quarterly) of the first generic formulary listing based on the observed data. The plots of the 
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incidence rate of first generic entry in ESM Appendix 3 did not show any time-trends, which 

provides some support to our assumption in our Cox proportional hazard models that the dependent 

variable and the calendar time of generic formulary listing were uncorrelated.  
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