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OUTLINE 

• Choice of the time scale for analysis 

• Left entry into observation (left truncation) 

• Cox models including interaction with time 
variables/time-dependent coefficients 
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WELSH NICKEL REFINERS STUDY 

• 679 nickel refinery workers  identified twice on 
paysheets April 1929, 1934, 1939, 1944, 1949 

• Follow-up until 1981 

• Refinery cleaned up by various means 1922-1932, so 
all important exposure occurred before beginning of 
follow-up 

• Interest in whether duration of employment in high-
exposure areas, and age at first exposure,  were 
related to lung and nasal sinus cancer mortality risk. 

3a - 4 



WELSH NICKEL REFINERS 
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ALL-CAUSE MORTALITY 
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WELSH NICKEL REFINERS 
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WELSH NICKEL REFINERS 
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WELSH NICKEL REFINERS 
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LUNG CANCER FU TIME 
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NASAL CANCER FU TIME 
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OTHER CAUSES FU TIME 
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COX REGRESSION MODEL 
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COX REGRESSION MODEL 

• eβ1 is the RR associated with a one-unit difference of  
x1, holding other x’s and t constant. 

• Some functional form is required for how the hazard 
function at each t depends on x2…xk. 

• No functional form is required for how the hazard at 
each x2…xk depends on t, since λ0(t) can be any 
function. 

• The time scale for t is the variable  that is adjusted 
for the most finely/thoroughly. 

 

3a - 14 



WELSH NICKEL REFINERS 

0 10 20 30 40

Years Under Active Observation

S
u

b
je

c
t 

N
u

m
b

e
r

1
2

3
4

5
6

7
8

9

|

|

|

|

|

|

|

|

|

|

OD

NCD

OD

OD

OD

LCD

NCD

OD

OD

LCD

Sample of Ten Observations

3a - 15 



OUTLINE 

• Choice of the time scale for analysis 

• Left entry into observation (left truncation) 

• Cox models including interaction with time 
variables/time-dependent coefficients 
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WELSH NICKEL REFINERS 
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OBSERVATION STARTING LATE 

• Should not include subjects in risk sets before they 
are under observation: 

– Other subjects “just like” them who died before 
their entry time are not observed 

– Falsely inflates the numbers at risk in early risk 
sets 

– Biases cause-specific hazard estimation 

– Can bias Cox model estimation 
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OBSERVATION STARTING LATE 

• Solution: “Left enter” subjects at time when active 
follow-up starts 

– Subjects only contribute to risk sets where their 
event could have been observed 

– They are only in the denominator if we could have 
seen them in the numerator 
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LUNG CANCER 
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NASAL CANCER 
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OTHER CAUSES 
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LUNG CANCER TFE 
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NASAL CANCER TFE 
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OTHER CAUSE OF DEATH TFE 
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CHOOSING A TIME SCALE 

• What time scale makes the most sense for the Welsh 
Nickel Refiners study? 

3a - 27 



TWO TIME SCALES 
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CHOOSING A TIME SCALE 

• Cardiovascular Health Study 

– NHLBI cohort of older Americans (65+) 

– Many baseline demographic and health measures. 

– Follow-up for more than 20 years for a large 
number of health conditions. 

• What is the best time scale: age or time since 
baseline? 
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OUTLINE 

• Choice of the time scale for analysis 

• Left entry into observation (left truncation) 

• Cox models including interaction with time 
variables/time-dependent coefficients 
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TIME INTERACTIONS 

• So far, most of our Cox models have assumed that 
the hazard ratio is constant over time 

• It’s possible to incorporate interaction terms with 
functions of time to allow the HR to depend on time. 

• Requires a hypothesized functional form for f(t).   
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TIME INTERACTIONS 

• One way the hazard ratio can depend on time: 
interaction with a function of time 

 

• Here the hazard ratio depends on time through the 
interaction term 

 

 

• Commonly used functions are: 
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TIME INTERACTIONS 
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NASAL CANCER TIME INTERACTION 
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NASAL CANCER 
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ESTIMATING THE HR AS A FUNCTION OF TIME 

• In exploratory analyses, may be of interest to 
estimate how the hazard ratio varies over time 

• Estimate based on ratio of kernel-smoothed hazard 
estimates can be very variable 

• Better choice is based on smoothed Schoenfeld 
residuals 

• Can be thought of as an estimate of a time-
dependent coefficient of a fixed variable 
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ESTIMATING THE HR AS A FUNCTION OF TIME 
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NASAL HR ESTIMATE 
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NASAL CANCER 
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EXAMPLE 

• Real et al. 2016, “Survival Predictors in Liver Transplantation: 
Time-Varying Effect of Red blood Cell Transfusion”, 
Transplantation Proceedings, 48, 3303.  

• 543 consecutive patients, 2006-2014, retrospectively 

• Preoperative 

– Age, sex, Model for End-Stage Liver Disease score, primary 
diagnosis, cold ischemia time, international normalized 
ratio, serum albumin, hemoglobin levels 

• Intraoperative  

– Norepinephrine, blood loss, red blood cell transfusions 
surgical time 



RESULTS 

• Only significant independent predictors: 

• Red blood cell transfusion, HR=1.16 (1.04-1.29) 

• Sex, HR=1.71 (1.10-2.65) 

• Non-proportionality 

– “multivariate Cox regression model was 
subsequently upgraded by adding a time-varying 
interaction between red blood cell transfusion and 
time since liver transplantation” 
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