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Statistical analyses for clinical studies

We tend to follow a pattern .
Take the previously used approach

Use methods frequently used in medical 
literature

3

Some methods have become almost routine!!

- Hardly getting criticized? 
- Avoiding delay of review processes?
- No need to explain the methods?

Why?

What is the primary goal of 
clinical studies?

Obtaining robust, clinically interpretable 
risk-benefit information for patients in a 
well-defined target population
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Issues of conventional 
analytic methods in 

survival data analysis
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Kaplan-Meier

Log-rank test

Estimate HR 
by Cox reg

Description

Test

Estimation 
of treatment 
effect

Why are we almost routinely using HR?

8

Everyone 
knows

A lot of 
experiences 
in practice

Several 
desirable 
properties

Elegant, 
rigorous 
theories

It is already in our 
comfort zone? 

No other 
choice

What is hazard function?

9

Closely related to conditional probability, 
which may be more interesting metric for 
some subjects (e.g., cancer survivors)

Note the hazard function is NOT in the 
probability scale
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Ref. Annals of Internal Medicine, Guideline for Authors

What is hazard function?

11

What is Hazard Ratio (HR)?

12

Log(HR)

country A

US

This is Proportional Hazards
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Proportional hazard (PH) 
assumption

Ratio of two hazard functions (i.e.,hazard
ratio) is constant overtime 
(Log-hazard functions are parallel)

Basis of the valid inference of hazard ratio

13

Issues of HR

14

Issues and concerns about hazard  
ratio estimate (1) 

HR is NOT a simple average of the hazard ratio 
over time

HR depends on underlying study-specific censoring 
distributions (or follow-up time )

Ex. 
If follow-up time are different, HR will be different
If the rates of dropout is different, HR will be different

What are we estimating?

A numerical study for illustration

Consider two groups and their 
true survival functions

Consider a censoring time 
distribution

Generate 10 millions of 

Then, observable data 

Calculate HR with the 
observable data 

16

TRUE Survival 
functions

Censoring Time
Distribution 

Typical censoring pattern in event-driven trials
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Calendar time

accrual follow-up

N N

Study time

Data pull
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Study-specific censoring distribution

Study (1) Study (2) Study (3)

Non-PH(1) HR=0.77
(2) HR=0.71
(3) HR=0.82
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Proportional Hazards!
(1) HR=0.80
(2) HR=0.80
(3) HR=0.80

Study (1) Study (2) Study (3)

Study-specific censoring distribution

ECOG myeloma study

20

Rajkumar et al. (2010, Lancet Oncology) 

ECOG myeloma study (low- vs. high dose)

A phase III randomized trial to 
compare low- and high-dose  
dexamethasone for newly diagnosed 
multiple myeloma 
N=445 (223 on high-dose, 222 on low-
dose) 
One of the endpoints was overall 
survival
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MM Example (ECOG E4A03 OS, low Dex vs. High Dex )

Low-dose
High-Dose

Rajkumar (2010)

HR= 0.87 (0.95CI: 0.60 to 1.27), p=0.46
How do we interpret 0.87 ??

In favor of low-dose

In favor of high-dose

If the PH assumption is 
correct, then is the HR ok?

23

Issues and concerns about hazard  
ratio estimate [2]

No reference number 

A HR is difficult to interpret clinically without 
any absolute hazard to serve as reference
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3-year event rate

50% (Cont) 40% (Treat) (the ratio is 0.8)

This is 20% risk reduction from 50%
1% (Cont) 0.8% (Treat) (the ratio is 0.8)

This is 20% risk reduction from 1%

Median survival time
10 months (Cont) 12 months (Treat)
This is 20% improvement from 10 months

Now, Hazard Ratio = 0.8?
This is 20% hazard reduction. But from what?

25

Numerical examples: Issues and concerns about hazard  
ratio estimate [3] 

For a safety study:

When the number of events is small, the 
hazard ratio estimate is very unstable and 
the confidence interval is very wide, implying 
that there is not enough information to make 
a decision

N=10,000 in New treatment group

Observed only 1 adverse event 
around 5 years in each group

Followed everybody for 10 years

95% Confidence Interval of HR
(0.1 to 16)

N=10,000 in Placebo group

A numerical example

28

29Hirshberg & Raz (2011, Diabetes Care)

Issues and concerns about 
hazard ratio estimate (4) 

Generally it is incoherent

When the PH is correct in each subgroup, the 
PH does NOT hold in the pooled sample except 
some special cases

When the PH is correct the pooled sample, the 
PH does not hold in all subgroups except some 
special cases

Adjusted and unadjusted analyses are estimating 
different quantities each other

30
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Numerical example

HR in the pooled sampleSurvival function by subgroup

HR=0.5 in each subgroup
PH is CORRECT PH is INCORRECT

What is the implication?

32

Often, we see HR 
forest plots like this in 
journals

If the PH is CORRECT 
with the pooled sample,
the PH is INCORRECT 
in these subgroups,
vice versa

Auperin et al, 2010, JCO

PH assumption cannot be correct in all of these

Summary of the issues of HR

If the modeling assumption does not hold
(usually it does not hold in practice), we do 
not even know what we are estimating

No reference number for interpretation

Does not help much if rare event case

Incoherent

33

Checking the PH assumption may 
be critical in practice

Check by your eye ball 
Log(-log(S(t))) vs. t

Statistical tests 
Include time-

Goodness of fit tests
Schoenfeld residuals (Schoenfeld, 1982)

Weighted residuals (Grambsh & Therneau, 1994)

Cumulative residuals (Lin & Wei, 2002) 

34

However, can we actually rule out 
non-PH cases by statistical tests?

Testing the PH assumption

If SIG 

If NS retain the null hypothesis

35

N.S. does not necessary means the null hypothesis 

Also, if sample size is huge, the test will be sig. anyway

Examples from recent 
publications

1. EPOETIN Safety Study
Leyland-Janes et al. (2016, JCO)

Letter to the editor (JCO 2016; 34(3)1:3818)

2. LABAs Safety Study
Stempel et al. (2016, NEJM)

Letter to the editor (NEJM 2016;375(11):1097)

36
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Example 1: EPOETIN safety study

Leyland-Janes et al. (2016, JCO)

Example 1: EPOETIN safety study

Noninferiority study (EPOETIN vs. BSC)

Primary endpoint: Progression-Free Survival 
(PFS)

NI criteria: Upper 95%CI of HR < 1.15

Planned total PFS events: 1,650 to achieve 80% 
of power with a 0.025 one-sided alpha level

Results: HR estimate [EPO/BSC] was 
1.089 (95%CI, 0.988 to 1.200)

38

Example 1: EPOETIN safety study

39Leyland-Janes et al. (2016, JCO)

PFS by treatment group

Issues of the HR here
The PH assumption is violated (Cum. residual 
test: p<0.001)

HR estimate [EPO/BSC]
1.089 (95%CI, 0.988 to 1.200) is not 
interpretable

Need some other measures that provide 
clinically interpretable and meaningful 
information of the value of EPOETIN

40
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Example 2: Long-acting beta-agonists 
(LABAs) safety study for asthma patients

Stempel et al. (2016, NEJM)

LABAs safety study for asthma 

Noninferiority study (fluticasone-salmeterol vs. 
fluticasone alone)

Primary endpoint: 1st serious asthma-related 
event

NI criteria: Upper 95% CI of HR < 2.0

Planned total events: 87 to achieve 90% of 
power with a 0.025 one-sided alpha level 
(Total planned sample size: 11,644)

Results: 67 events (N=11,679) 
HR estimate was 1.03 (95%CI, 0.64 to 1.66)

42
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LABAs safety study for asthma 

43Stempel et al. (2016, NEJM)

Issues of the HR here

No clear reference value to assess if the 
observed increase of hazard indicates a 
clinically important difference

95%CI of HR (0.64 to 1.66) met the pre-
specified NI criterion. However, not clear 
that a possible 66% increase of hazard 
would be acceptable clinically to make 
such a claim because of no reference 
value

44

Alternatives to HR

45 46

Example (ECOG E4A03 Myeloma)
Low-dose
High-Dose

What are alternative measures that do not have 
shortcomings of the HR?

Desirable measures
have no strong 
assumption on the 
relationship between 
two survival time 
distributions
have a clear baseline 
reference

47

Low-dose
High-Dose

(1) t-year survival probability

1-year? 
2-year?
3-year?

Example (ECOG E4A03 Myeloma)

48

Low-dose
High-Dose

???

(2) Median survival time

Sometimes this is 

Example (ECOG E4A03 Myeloma)

無断転載・無断使用を禁止します。



(3) Restricted mean survival time (RMST)

Low-dose

32.5 months 

Interpretation:
If you follow-up patients 
on low-dose for 36m, 
patients will survive 32.5 
months on average

Note:
RMST is estimable even 
when median survival 
time is inestimable

(3) Restricted mean survival time (RMST)

Low-dose high-dose

30.3 months32.5 months 

(3) Restricted mean survival time (RMST)

Low-dose high-dose

30.3 months32.5 months 

Difference in RMST: 2.2 months (0.95CI: 0.5 to 4.0, p=0.014) 

Recall: HR= 0.87 (0.95CI: 0.60 - 1.27), NS

(4) Restricted mean time lost (RMTL)

Low-dose

32.5 months 

RMTL 
3.5 months

RMTL =      - RMST

Area above the 
survival curve

(4) Restricted mean time lost (RMTL)

Low-dose high-dose

30.3 months32.5 months 

Ratio of RMTL: 0.61 (0.95CI: 0.42 to 0.90, p=0.013) 

3.5 m 5.7 m

Ratio of RMTL and HR

When the event rate is low and the event 
time distribution is exponential, the ratio of 
RMTL will be close to the HR

54
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Results of the RMST (RMTL) analysis 
with the ECOG Myeloma data

Metric Low 
dose

High 
dose

Difference 
(0.95 CI)

Ratio
(0.95 CI)

RMST
(36 months)

32.5 30.3 2.2 (0.5, 4.0)

P=0.014

1.07 (1.01, 1.14)

P=0.015

RMTL
(36 months)

3.5 5.7 --- 0.61 (0.42, 0.90)

P=0.013

Go back to the two examples

1. EPOETIN Safety Study
Leyland-Janes et al. (2016, JCO)

Letter to the editor (JCO 2016; 34(3)1:3818)

2. LABAs Safety Study
Stempel et al. (2016, NEJM)

Letter to the editor (NEJM 2016;375(11):1097)

56
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Revisit EPOETIN safety study

Leyland-Janes et al. (2016, JCO)

Revisit EPOETIN safety study

Noninferiority study (EPO vs. BSC)

Primary endpoint: PFS

NI margin: HR 1.15

Planned total PFS events: 1650 to achieve 80% 
of power with a 0.025 one-sided alpha level

Based on their analysis results, the authors 
concluded that 
achieve the noninferiority objective in ruling out 
a 15% increased risk in PD or death

58

Revisit EPOETIN safety study

59What if we used RMST?

HR: 1.089 (95%CI, 0.988 to 1.200)
Leyland-Janes et al. (2016, JCO)

PFS by treatment group

Non-PH
Cum. Res. Test: P<0.001

EPOETIN safety study

60Ref: HR: 1.089 (95%CI, 0.988 to 1.200)

Metric EPO
(months)

BSC
(months)

Difference 
(0.95 CI)

Ratio
(0.95 CI)

RMST
(48 months)

9.9 11.4 -1.5
(-2.6, -0.5)

1.04
(1.01, 1.07)

RMTL
(48 months)

38.1 36.6 --- 0.87
(0.79, 0.96)

P=0.004 P=0.004

P=0.004

These are clinically interpretable and 
meaningful information of the value of EPO
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Revisit LABAs safety study

Stempel et al. (2016, NEJM)

Revisit LABAs safety study

Noninferiority study (fluticasone-salmeterol vs. 
fluticasone alone)

Primary endpoint: 1st serious asthma-related 
event

NI criteria: Upper 95% CI of HR < 2.0

Planned total events: 87 to achieve 90% of 
power with a 0.025 one-sided alpha level 
(Total planned sample size: 11644)

Results: HR in the fluticasone salmeterol 
group was 1.03 (95%CI, 0.64 to 1.66)

62

Revisit LABAs safety study

63

What if we used RMST?

Stempel et al. (2016, NEJM)

HR: 1.03 (95%CI, 0.64 to 1.66)

Results of the RMST (RMTL) analysis
LABAs safety study

Metric Flu sal
(days)

Flu alone
(days)

Difference 
(0.95 CI)

Ratio
(0.95 CI)

RMST
(210 days)

209.3 209.2 0.1
(-0.3, 0.5)

1.001
(0.999, 1.002)

RMTL
(210 days)

0.7 0.8 --- 0.858
(0.504, 1.461)

These numbers would help us understand the 
treatment difference much better 
(ref. 95%CI of HR was 0.64 to 1.66)

Message of our letter
HR 1.03 (95%CI, 0.64 to 1.66) met the pre-
specified NI criterion. However, not clear that a 
possible 66% increase of hazard would be 
acceptable clinically to make such a claim. 

For a safety study, using HR may not be 
appropriate.

For example, RMST difference, 0.1day 

(95%CI: -0.3 to 0.5 days) has a much clearer 
clinical interpretation than the HR. 

With this measure, a much smaller study size 
could be sufficient for a non-inferiority claim. 

65 66

What if a smaller study?

95% confidence intervals for various measures

All data 50% 25% 20%

N=11,679 N=5840 N=2920 N=2336

Hazard Ratio (0.64, 1.66) (0.51, 2.00) (0.38, 2.78) (0.00, 1.14*1011)

Difference in RMST 
at Day 210 [days]

(-0.3, 0.5) (-0.5, 0.7) (-0.7, 0.9) (-0.7, 1.0)

Maybe already tight enough 
to make a NI decision
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Kaplan-Meier

Log-rank test

Estimate HR 
by Cox reg

Description

Test

Estimation 
of treatment 
effect

What about testing?
Logrank test

Robust

Most powerful under PH alternatives 

Model-free measures can be used for testing 
(conversion to test)

Robust 

RMST-based tests are comparable under PH 
and outperform under some non-PH cases

Estimation (or a clinically interpretable metric) 
and testing will be coherent

68

Problems of some other 
routinely used methods

69

Meta-analysis
fixed-effect, random-effects models

censored data

Are unadjusted and adjusted analyses 
estimating the same thing?

70

Conclusions

Almost routinely, the HR is used to 
summarize the treatment effect, but the HR 
estimates may not provide clinically 
interpretable information with respect to 
risk-benefit perspectives

Robust alternative measures (e.g., RMST 
difference) would be useful

71

Remarks

Some methods have become routine, but some 
of them have significant limitations regarding 
robustness and clinical interpretability

It seems that investigators tend to choose routine 
methods without giving adequate considerations 
to these issues in practice

Continuation of such trends may ultimately slow 
the advancement of clinical research on public 
health

72

Move beyond the comfort zone
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Computer codes

Implementation of RMST analysis
Computer programs are available on 3 major platforms

R: survRM2 package

Stata: strmst2 command 
(Cronin, Tian, and Uno, Stata Journal, in press)

SAS: SAS macro %rmst2 

visit my website: http://bcb.dfci.harvard.edu/~huno/

What you can do with these packages:

Two-sample comparison based on the RMST
(difference in RMST, ratio of RMST, and ratio of RMTL)

RMST regression

77

R package for study design using RMST

SSRMST (sample size calculation using RMST)
https://cran.r-project.org/web/packages/SSRMST/index.html

Description: The package calculates the study sample 
size and power in designing clinical trials using the 
differences in restricted mean survival times (RMST). 

- Superiority test

- Non-inferiority test

78
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Backup

80

Choice of 
In a confirmatory study, should be pre-
specified

The choice would depend on 
clinical motivation or interest (short-term? 
Long-term?)

Follow-up time of the study

Precision at the tail part of the KM curves

Note: Others measures (incl. HR) also have 
a implicitly. Extrapolation beyond the end 
of the study followup is always a challenge 81

Choice of (ad-hoc)
When choosing a posteriori, we will need 
some objective rule

For example,

Karrison, 
1987)

82

Interim Analysis with RMST
Murray and Tsiatis (Biometrics, 1999) showed 
the independent increment structure of RMST 
when a common is used for all interim and 
final analyses

When the  changes across the planned 
analyses, simulation methods will be used to 
maintain the type I error

Again, -specified and should be 
clinically motivated

83 84

Ref. Annals of Internal Medicine, Guideline for Authors
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Reconstruction of 
individual-level data

Guyot, P., Ades, A. E., Ouwens, M. J., & Welton, 
N. J. (2012). Enhanced secondary analysis of 
survival data: reconstructing the data from 
published Kaplan-Meier survival curves. 
BMC Medical Research Methodology, 12(1), 9. 
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Alternatives to the hazard ratio in survival 
analysis moving beyond the comfort 

zone (FDA, Aug 28, 2016)
H. Uno and L.J. Wei

Statistical Test 
& Estimation

87

Statistical test

Gives an answer 

SIGNIFICANT (p<0.05) or NS (p>0.05)

It nicely fits situations where we need to 
make a decision

88

89

1. P-values can indicate how incompatible the data are with a 
specified statistical model. 

2. P-values do not measure the probability that the studied 
hypothesis is true, or the probability that the data were 
produced by random chance alone. 

3. Scientific conclusions and business or policy decisions 
should not be based only on whether a p-value passes a 
specific threshold. 

4. Proper inference requires full reporting and transparency. 

5. A p-value, or statistical significance, does not measure the 
size of an effect or the importance of a result. 

6. By itself, a p-value does not provide a good measure of 
evidence regarding a model or hypothesis. 

90
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Test results and 0.95CI

91

0
No difference

(1)

Treatment effect
(eg, Risk Difference)

(2)

NS

NS

(3) P<0.00001

(4) P<0.05

(5) NS

(6) NS

Effect size is small?

Sample size is small?

Effect size may be 
larger than (3)

NS does not imply no 
difference

Test vs. Estimation

Clearly, CI (i.e., estimation) is more 
informative than p-value (i.e., testing)

However, generally, estimation is more 
challenging than testing

92

Example: Hazard ratio (HR)
Test: If the treatment assignment is 
randomized, testing the null hypothesis (no 
treatment effect; HR = 1) is valid even if the 
modeling assumption is wrong 

Non proportional hazard 

Covariate omission in the Cox model

Wrong functional form of covariates

Estimation: The correct model specification 
is the basis of the valid estimation of HR 

93 94

Target-population

Analysis population

e.g., Common treatment effect
in this population

(what we want to know)

Assumptions

Confidence intervalPoint estimate

Analytic 
Procedure

What would be important for estimates 
to be clinically useful information? 

1. Generalizability: the target population should 
be clear, and the estimate should be 
generalizable to the target population

2. Validity: i.e., the estimate should be estimating 
what we want to estimate

3. Interpretability: i.e., we should be able to 
assess if the estimated treatment effect is a 
clinically meaningful difference or not

95
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