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Cox proportional hazards regression to model the risk of outcomes per
double increase in a continuous explanatory variable
Seungyoung Hwang, Johns Hopkins University, Baltimore, MD
ABSTRACT
The Cox proportional hazards model to explore the effect of an explanatory variable on survival is by far
the most popular and powerful statistical technique. It is used throughout a wide variety of types of
clinical studies. If the explanatory variable is continuous, the hazard ratio per 1-unit of change in the
®
continuous explanatory variable is estimated by default in the PHREG procedure in SAS . However, the
estimates may not reflect a clinically meaningful change, especially for continuous and highly dispersed
measurement. This paper introduces the hazard ratio per ‘double’ increase in continuous covariate of
interest as another tool for comparing the two hazards. The author is convinced that this paper will be
useful to any level of statistician, SAS programmer, or data analyst with an interest in medical follow-up
studies and in general time-to-event studies.

PUBLISHED ARTICLES
Table. Published articles regarding hazard ratio per doubling of explanatory variable.
Study

Journal

Zhang 2006

J Am Soc Nephrol

Outcome

Am J Epidemiol

All-cause mortality

Shafi 2013

Diabetes Care

All-cause mortality

Daya 2016

BMC Nephrol
Am J Kidney Dis

HR (95% CI)

IL-6

1.22 (1.11–1.34)

High-sensitive CRP

1.24 (1.14–1.35)

β-trace protein

1.36 (1.09–1.69)

Fructosamine

1.96 (1.38–2.79)

Glycated albumin

1.40 (1.09–1.80)

NTproBNP

1.27 (1.13–1.43)

cTnI

1.17 (0.98–1.40)

AC ratio

1.10 (1.06–1.14)

Incident CVD event

Shafi 2012

Kruzan 2016

Explanatory

SCD
Hospitalization (fracture)

HR = Hazard Ratio, CI = Confidence Interval, CVD = Cardiovascular Disease, SCD = Sudden Cardiac
Death, IL-6 = Interleukin-6, CRP = C-reactive protein, NTproBNP = N-terminal pro-brain natriuretic
peptide, cTnI = Troponin I, AC = Albumin-Creatinine.

Table presents a list of published articles [1-5] that presented hazard ratios per doubling of a continuous
explanatory variable. For example, Kruzan and colleagues recently reported that the risk of sudden
cardiac death (SCD) increased 27% with each 2-fold increase in NTproBNP (HR, 1.27 per doubling; 95%
CI, 1.13-1.43; p < 0.001) [5].
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HAZARD RATIO PER 1-UNIT INCREASE
Consider the basic proportional hazards model:
ℎ(𝑡𝑡 | 𝑥𝑥) = ℎ𝑜𝑜 (𝑡𝑡)𝑒𝑒𝑒𝑒𝑒𝑒 (𝛽𝛽𝛽𝛽)

(1)

where ℎ𝑜𝑜 (t) denotes the baseline hazard function.
The hazard rates would then be
ℎ(𝑡𝑡 | 𝑥𝑥 = 𝑥𝑥1 ) = ℎ𝑜𝑜 (𝑡𝑡)𝑒𝑒𝑒𝑒𝑒𝑒(𝛽𝛽𝑥𝑥1 ) and

ℎ(𝑡𝑡 | 𝑥𝑥 = 𝑥𝑥2 ) = ℎ𝑜𝑜 (𝑡𝑡)𝑒𝑒𝑒𝑒𝑒𝑒(𝛽𝛽𝑥𝑥2 ) for two different values of 𝑥𝑥 ′ 𝑠𝑠.

The ratio between these two hazard rates, or a hazard ratio (HR), would be
𝐻𝐻𝐻𝐻 = ℎ(𝑡𝑡 | 𝑥𝑥 = 𝑥𝑥2 ) / ℎ(𝑡𝑡 | 𝑥𝑥 = 𝑥𝑥1 )

= ℎ𝑜𝑜 (𝑡𝑡)𝑒𝑒𝑒𝑒𝑒𝑒 (𝛽𝛽𝑥𝑥2 ) / ℎ𝑜𝑜 (𝑡𝑡)𝑒𝑒𝑒𝑒𝑒𝑒(𝛽𝛽𝑥𝑥1 )

= 𝑒𝑒𝑒𝑒𝑒𝑒[ 𝛽𝛽(𝑥𝑥2 − 𝑥𝑥1 )]

= 𝑒𝑒𝑒𝑒𝑒𝑒(𝛽𝛽) 𝑖𝑖𝑖𝑖 𝑥𝑥2 − 𝑥𝑥1 = 1

𝑒𝑒𝑒𝑒𝑒𝑒(𝛽𝛽) can be interpreted as the hazard ratio for 1-unit increase in the explanatory variable, 𝑥𝑥.

Here is the pseudo SAS code for estimating the Cox regression model with the PROC PHREG procedure:
PROC PHREG DATA=mydata COVS(AGGREGATE);
MODEL time*event(0) = x;
RUN;
The COVS(AGGREGATE) option is specified to compute the robust sandwich covariance matrix estimate
[6].

HAZARD RATIO PER DOUBLE INCREASE
Now, consider 𝑙𝑙𝑙𝑙𝑙𝑙 divided by 𝑙𝑙𝑙𝑙2, instead of x, in equation (1).
Then we have
ℎ(𝑡𝑡 | 𝑥𝑥) = ℎ𝑜𝑜 (𝑡𝑡) 𝑒𝑒𝑒𝑒𝑒𝑒 �𝛽𝛽

𝑙𝑙𝑙𝑙𝑙𝑙
�.
𝑙𝑙𝑙𝑙2

The hazard rates for two different values of 𝑥𝑥′𝑠𝑠 and hazard ratio would then be
𝑙𝑙𝑙𝑙𝑥𝑥1
� 𝑎𝑎𝑎𝑎𝑎𝑎
𝑙𝑙𝑙𝑙2
𝑙𝑙𝑙𝑙𝑥𝑥2
�.
ℎ(𝑡𝑡 | 𝑥𝑥 = 𝑥𝑥2 ) = ℎ𝑜𝑜 (𝑡𝑡)𝑒𝑒𝑒𝑒𝑒𝑒 �𝛽𝛽
𝑙𝑙𝑙𝑙2

ℎ(𝑡𝑡 | 𝑥𝑥 = 𝑥𝑥1 ) = ℎ𝑜𝑜 (𝑡𝑡)𝑒𝑒𝑒𝑒𝑒𝑒 �𝛽𝛽
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Then the ratio between these two hazard rates, or a hazard ratio, would be
𝐻𝐻𝐻𝐻 = ℎ(𝑡𝑡 | 𝑥𝑥 = 𝑥𝑥2 ) / ℎ(𝑡𝑡 | 𝑥𝑥 = 𝑥𝑥1 )
= ℎ𝑜𝑜 (𝑡𝑡)𝑒𝑒𝑒𝑒𝑒𝑒 �𝛽𝛽

𝑙𝑙𝑙𝑙𝑥𝑥2
𝑙𝑙𝑙𝑙𝑥𝑥2
��ℎ𝑜𝑜 (𝑡𝑡)𝑒𝑒𝑒𝑒𝑒𝑒 �𝛽𝛽
�
𝑙𝑙𝑙𝑙2
𝑙𝑙𝑙𝑙2

𝛽𝛽
(𝑙𝑙𝑙𝑙𝑥𝑥2 − 𝑙𝑙𝑙𝑙𝑥𝑥1 )�
𝑙𝑙𝑙𝑙2
𝑥𝑥2
𝛽𝛽
𝑙𝑙𝑙𝑙 �
= 𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑙𝑙𝑙𝑙2 𝑥𝑥1
𝑥𝑥2
= 𝑒𝑒𝑒𝑒𝑒𝑒(𝛽𝛽) 𝑖𝑖𝑖𝑖
= 2.
𝑥𝑥1

= 𝑒𝑒𝑒𝑒𝑒𝑒 �

Now, exp(𝛽𝛽) can be interpreted as the hazard ratio per doubling of the explanatory variable, 𝑥𝑥.
Simple adjustment of the SAS code is needed as follows:

PROC PHREG DATA=mydata COVS(AGGREGATE);
MODEL time*event(0) = x_adj;
x_adj = log(x) / log(2);
/* log = log with base-e */
RUN;

CONCLUSION
Recent decades have seen tremendous applications of survival analysis in various academic fields.
However, few have reported detailed information on computing hazard ratios per doubling of a continuous
explanatory variable. This paper gently guides all SAS users—even those who have never used SAS—
through step-by-step instructions of the doubling method. With the basic statistical theories along with the
provided example SAS code, students and researchers will be able to use the doubling method, which
can also be applied to any regression models having continuous, positive, and and/or dispersed
explanatory variables.
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