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Special topic 1: time-varying covariates

 Time-varying (time-dependent) covariates
 External covariates

 Pollen level to asthma attack
 Maternal CD4 counts and plasma viral loads to infant HIV-

infections by breast milk feeding
 Exposure to second-hand smoking to lung cancer

 Internal covariates
 Smoking secession because of doctor’s advice on health 

status
 Blood pressure for death caused by cadio-vascular diseases
 Sexual behavior change because of deteriorating HIV 

progression



Extended Cox model

 Cox model with time-varying covariates



 What drives the change in covariates?
 In general, time-dependent covariates are not as 

easy to understand conceptually as time-
independent covariates 

 This is where the longitudinal data analysis may 
need to empirically address the change in time-
dependent covariates
 Are the time-varying covariates risk factors?
 Or they are biomarkers of disease progression? i.e., 

they are varying because of disease dynamics?



Example: atomic bomb survivors study

 Survival data
 Time-to-event outcome: leukemia incidence
 Time zero: 1945
 Risk factor: in the range of 2.5km or not

 Model specification: extended Cox model







Example: Stanford heart transplant data





Data split

 Construct the so-called “covariate process 
data”

Heart transplant



STATA codes





With time-varying covariates

Split record 
according to 
covariate process



Not age-adjusted Age-adjusted



Summary



References



Special topic 2: assessment of  model 
adequacy
 Most critical assumption for the Cox model
 Proportionality between hazard functions
 Needs to be carefully examined

 Example: Brain cancer trial 
 Randomized trial of 222 patients with brain tumors

 BCNU (Carmustine) medicated polymers
 Control polymers

 Chen & Wang (2000, Journal of the American 
Statistical Association)





Graphical assessment



log-log plot







STATA codes



Unadjusted Adjusted



Comparing observed and expected 
survival curves





Confirmatory goodness-of-fit test









More techniques: analysis of  residuals











Summary
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A Real Clinical Trial Example: The HPTN 052 Study

 Background
 Design Considerations
 Statistical Methods Development Example
 Additional Issues
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Background

 About HIV 
 A lentivirus belonging to the 

retrovirus family
 Presents as free viral 

particles or virus within 
infected immune cells

 Acquired by transfer of 
blood, semen, vaginal fluid, 
pre-ejaculate or breast milk
 Major routes: unprotected 

sex, contaminated needles, 
breastfeeding and vertical 
transmission at birth

Scanning electron micrograph of HIV-1 (in 
green) budding from cultured lymphocyte. 
Multiple round bumps on cell surface 
represent sites of assembly and budding 
of virions. 

http://upload.wikimedia.org/wikipedia/commons/1/1a/HIV-budding-Color.jpg
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Background

 Natural history of untreated HIV/AIDS
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Background

 HIV Prevention
 No effective vaccine is available in prevention of HIV infection

 Moderate efficacy about 30% risk reduction
 Hopefuls include

 Novel vaccine candidates
 Microbicide gels
 Pre-Exposure Prophylaxis (PrEP) with ART

 Avoidance of exposure used to be the only reliable way to escape 
infection

 Prevention to target HIV-infected?
 Would ART benefit prevention of HIV transmission
 Treatment-as-Prevention (TasP)
 When to start?
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HPTN 052: Immediate vs Delayed

 Immediate therapy
 Potential benefits

 Lower risk of early transmission
 More sustained virologic response 
 Lower risk of permanent CD4 

drop

 Potential risks
 More toxicities
 Lower adherence 
 Reduce option for ART when risk 

of disease is high
 Increase in risky sexual behavior
 High cost / less convenient

 Delayed therapy
 Potential benefits

 Less toxicities
 Higher adherence
 ART available when risk of disease 

is high
 Lower drug resistance
 Lower cost / more convenient

 Potential risks
 Higher risk of early transmission
 Higher risk of irreversible CD4 drop
 Less sustained virologic response
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HPTN 052 Study

 Goal
 Compare long-term effectiveness of two ART strategies in HIV 

transmission among sero-discordant couples
 Study population

 HIV discordant couples with index partners of CD4+ counts 
between 350-550

 Two treatment strategies
 Immediate therapy: ART initiation upon enrollment
 Delayed therapy: ART initiation when CD4 counts falls between 

200-250 or developing AIDS-defining illness
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Trial design

 Multi-site, two-arm, control-randomized (1:1) trial
 3 continents/8 countries/12 clinical sites

 1.5 years accrual with 5 years of follow-up 
 5 years of follow-up per participant   
 Up to 6.5 years of study duration

 Primary endpoint 
 Incident HIV infections occurring in the partners of randomized HIV-

infected index cases 
 Only acquisition from the index partner will be included in the primary 

analysis
 Each endpoint will need to be confirmed such that the viral envelope 

sequence in the index case matches that of the partner.



Enrollment
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U.S.

Brazil

South Africa
Botswana

Kenya

Thailand 
IndiaAmericas

278

Africa
954

Asia
531Zimbabwe

Malawi



Trial Results Released in 2011

Im De HR Efficacy 95% CI
Linked Transmission 1 27 0.037 96.3% 72-99%
All transmission 4 35 0.114 88.6% 68-96%
Clinical events 40 65 0.594 40.6% 12-60%
Composite events 23 79 0.265 73.5% 56-83%
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Primary Results Paper in 2011
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News Media

http://online.wsj.com/video/major-breakthrough-in-aids-prevention/3BFBD654-B195-437C-8D33-470295191F12.html


Background: The HPTN 052 Study 
Science’s Breakthrough of the Year 2011
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Final Trial Results in 2015
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Design Considerations: Sample Size

 What did we expect?
 Immediate and delayed 

therapies might work 
differentially on HIV 
progression over time

HIV Incidence Over Time
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Possible Consequences (I)
HIV Incidence Over Time
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Possible Consequences (II)
HIV Incidence Over Time
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 From a statistical modeling perspective
 Time-varying incidence rates of a cohort: hazard functions
 Early difference is not predictive of later difference
 If using the popular Cox proportional hazards model

 non-proportional hazards
 cross-over in hazard functions

Immediate Strategy

Immediate Strategy

Delay Strategy

Delay Strategy
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Statistical Issues

 How would we accommodate a less systematic 
expectation (e.g., non-additive or non-multiplicative 
difference)?
 What type of endpoints shall we use?

 Time-to-event?
 What statistical procedure shall we use?

 Kaplan-Meier/Log-Rank/Cox Model?
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Sample Size for HPTN 052

 Step 1
 Expected differences in cumulative HIV rates at the end of the 

trial are computed under the assumption that participants in the 
delayed arm do not initiate ART at any point in time during follow-
up. We will calculate the expected differences and the average 
effectiveness

 Step 2
 Taking into account the delay time to initiation of ART in the 

delayed arm, we will re-calculate the average effectiveness (and 
power) computed in Step 1. 
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 Assumption 1
 Annual HIV incidence rates (rates of acquisition) among the 

partners of index cases who received HIV primary care plus 
placebo only (e.g., no initiation of ART at any point in time):

 5-year cumulative incidence rate: 15.9%
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 Assumption 2
 Expected effectiveness for Arm 1 (immediate initiation of ART) 

compared to HIV primary care plus placebo only over time under 
two scenarios of decreasing effectiveness over time

 HIV incidence rates: 7.8% (high effectiveness), 10.4% (medium 
effectiveness)
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 Assumption 3
 Assume 5 years fixed follow-up with 5% annual loss to follow-up

 A total sample size of 1750 provides 90% power to detect an 
effectiveness of 37% as in the rather extreme case of scenario 
(2).  
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 Assumption 4
 Assuming uniform distribution of CD4 cell counts in the study 

population (350 ≤ CD4 ≤ 550), a rate of CD4 cell loss of 60 cells 
per year, and 10% annual incidence of AIDS-defining illnesses. 
The following table represents the expected proportion of 
participants on Arm 2 who will initiate ART over five years of 
follow-up

 Median ART-initiation time in delayed arm is 2.8 years
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 Assumption 5
 A risk reduction from 25% to 50% is anticipated for the partners 

of those initiating ART during follow-up. This assumption 
combined with assumptions 1 and 3 will yield an expected five-
year HIV cumulative rate for the participants of the delayed arm. 

 5-year cumulative incidence rates: 
 14.4% (25% effectiveness)
 13.8% (35% effectiveness)
 12.9% (50% effectiveness) 
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Power
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Summary of Power Analysis

 With sample size 1750
 Scenario 1

 90% power to detect a 5.1% absolute difference (12.9% versus 
7.8%) in 5-year cumulative HIV incidence rates

 This power is achieved under a reduction of risk of acquisition for 
partners of those who initiate ART in the delayed arm during follow-
up as high as 50%. 

 Scenario 2
 66% power to detect a 3.5% absolute difference (14.4% versus 

10.9%) in the 5-year cumulative HIV incidence rates
 If the decrease in risk of acquisition for partners of those on arm 2 

who initiate ART is more than 25%, the trial will be greatly 
underpowered under this scenario. In this case, the absolute 
difference in the 5-year cumulative HIV rate will be less than 3.2%, 
which might not be of clinical importance.
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Design Considerations: Monitoring Plan

 Goal of a monitoring plan 
 For repeated data analyses

 Satisfies the ethical need for early termination when 
initial results are extreme

 Not terminates a study prematurely when the initial 
results just appear to be extreme, due to repeated data 
analyses increasing the chance of false conclusions
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Monitoring Plan

 Key issue: what did we monitor?
 We needed persuasive evidence re Benefit-to-Risk  

(BTR) accounting for both treatment and prevention 
issues           

 Monitoring guidelines should be driven by M/M events 
having the greatest clinical impact by treating a 
discordant couple as a “therapeutic unit”:
 Treatment:  Death/WHO Stage 4  events in Index
 Prevention:  HIV Acquisition  in the Partner

 Composite monitoring endpoint
 Earlier occurrence of treatment and prevention endpoints 
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Sample Size for Monitoring Composite Endpoint

 Time-to-event outcome
 Control: 
 Treatment :
 Hypothesis testing:

 In a 1:1 randomization
 α = 0.025, power  0.975


 This trial has power 90% w.r.t.
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O’Brien-Fleming Boundaries

 Analyses
 3 interim analyses and 1 final analysis
 Preserve 1-sided false-positive rate of 0.025

0.025

L =    85        170        255        340

.00001 

.0023

.0103
.0225

O’Brien-Fleming, Biometrics (1979)
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 Recommended boundaries for favorable benefits
IF 
(of Total 
expected 
events)

To reject 
null 
hypothesis

Expected 
# of 
events

I-
# events 

D- # 
events

Excess 
Events p-value

25% 0.3352 85 21 64 43 0.00001

50% 0.5178 170 58 112 54 0.0023

75% 0.5986 255 95 160 65 0.0103

100% 0.6436 340 133 207 74 0.0225
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 Recommended boundaries for unfavorable lack-of-benefits

IF To reject the 
alternative

Expected
Events

I-
events 

D-
events

Excess 
Events

p-value

25% 1.9093 85 56 29 27 0.00001

50% 1.2359 170 94 76 18 0.0023

75% 1.0691 255 132 123 9 0.0103

100% 0.9943 340 170 170 0 0.0225
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Performance standards on quality of trial conduct

Performance 
Standard

Targeted Level of
Performance

Minimally Acceptable Level 
of

Performance for this 
Criterion

Rate of Trial Enrollment
1668 couples for 18 months;
60/month for first 6 months;
110/months for next 12 months

75% of target rates

Average HIV Infection Rate
per annum (cumulated in
6.5-year follow-up)

1.65% (10.74%) 1.12% (7.31%) 

Adherence Rate 95% 90%

Retention Rate per annum 98% of participants 96% of participants

Decreased Viral Load 
once on ART

Non-detectable 
viral load

0.5 log 10 in immediate 
in first 3 years

Median Delay Time 2.8 years 1 year
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Methods development example: semiparametric 
regression model based on survival probabilities

 Proportional odds model

 Available methods
 Murphy, et al. (1997, JASA)
 Yang & Prentice (1999, JASA)

 Time-varying covariates
 Transformation model with frailty

 Kosorok, et al. (2002, Ann Stat)
 Zeng & Lin (2006, Biometrika)
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An extended proportional odds model
 Proportional odds model with time-varying covariates

 Estimation by Differential Equations
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Estimation equations for baseline function
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More Details

 Chen, Y. Q., Masse, B., Wang, L., Ou, S.-S., Li, X., Donnell, D., Marybeth, M., 
Gamble, T., Ribauldo, H., Cohen, M. S. and Fleming, T. S. (2012) Statistical 
considerations for a randomized trial to evaluate the effectiveness of antiretroviral 
therapy plus HIV primary care versus HIV primary care alone to prevent the 
sexual transmission of HIV-1 serodiscordant couples. Contemporary Clinical 
Trials, 33: 1280-1286.

 Chen, Y. Q., Hu, N., Cheng, S., Phillippa, M. and Zhao, L.-P. (2012) Estimating 
regression parameters in an extended proportional odds model, Journal of the 
American Statistical Association, 107: 318-330.



Special topics yet to cover
 Competing risks
 Truncated time-to-event outcomes
 Interval-censored outcomes
 Measure of surrogacy
 Alternative regression models
 Model predictiveness
 ROC for time-to-event outcomes
 Attributable risk functions
 Multivariate survival times
 Study designs
 etc, etc

https://www.tandfonline.com/doi/full/10.1080/25787489.2020.1798083


Seattle, Seattle, Seattle…

https://myuw.washington.edu/postcards/servlet/postcards.PostcardsPage
https://myuw.washington.edu/postcards/servlet/postcards.PostcardsPage
https://myuw.washington.edu/postcards/servlet/postcards.PostcardsPage
http://gohuskies.collegesports.com/
http://content.lib.washington.edu/u?/loc,1835


Thanks to

 Our great TA: Nina
 And mostly to: Everyone of You!

https://myuw.washington.edu/postcards/servlet/postcards.PostcardsPage
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