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RODENT longevity studies remain a staple of experi-
mental aging research, having been used to evaluate  

the effects of diets, drugs, genetic factors, toxins, or other 
factors on life span. One of the greatest obstacles with  
such experiments is their long duration, typically requiring  
3.5 years or more to observe the complete life span of all 
study rodents (1). In addition to the significant financial  
burden for such studies, the investment in terms of time until 
answers can be obtained and can represent a significant frac-
tion of an investigator’s research career, limiting the number 
of experiments an investigator can perform in their lifetime.

Interventional effects on longevity are commonly esti-
mated through Cox proportional hazards (PHs) regression 
models (2) or such parametric formulations as the Gomp-
ertz model (3). Under the Cox PH model, the relative hazard 
rate (the instantaneous probability of death occurring at a 
given moment, conditional on death not happening prior to 
that moment) between two factors is assumed to have a 
fixed ratio over time. It is important to note that the Cox PH 
model does not restrict the hazard for a particular group to 
be constant as a function of time, instead entailing the inher-
ent flexibility to be congruent with the biological expecta-
tion of increasing hazard during the course of normal aging. 

Similarly, the Gompertz model assumes that the relative ac-
celeration in mortality is constant as function of age. Be-
cause these models assume constant hazard ratios (HRs)/
relative increases in mortality rate over time, their use  
implicitly assumes that any relative effects on mean or  
median life span are also present for so-called “maximum 
life span,” a quantity of great interest to gerontologists (4).

Recognizing the significant time investment required for 
full longevity studies along with the application of models 
that assume constant effects across time invites the question 
as to whether the rodent mortality experience in these set-
tings is consistent with the assumption of PH. Put another 
way, is it possible to reduce the length of longevity experi-
ments by running studies for only t years, where t is less 
than full follow-up and still achieve comparable effect esti-
mates to what one would obtain if one continued the study 
until all rodents died? Truncating longevity experiments 
prior to observing death for all rodents reduces statistical 
power due to the inherent loss of information. Thus, a  
related question is whether this loss of power can be over-
come by increasing sample size, permitting shorter studies 
in terms of calendar time that still achieve the same  
expected inference concerning effects on mortality rate.
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The goal of the present study is to empirically evaluate 
the assumption of PH using a collection of 15 rodent lon-
gevity experiments. Motivated by the design of long-term 
rodent toxicology (typically carcinogenicity) experiments, 
we also consider the situation of truncating longevity stud-
ies at 2 years of follow-up. We evaluate whether these 
shorter term studies could be expected to yield, on average, 
the same result with respect to effects on mortality rate that 
would be obtained from a full lifetime study. For situations 
in which the observed effects on mortality rate would be 
roughly the same in a shorter versus life-long follow-up 
study (ie, PH is a valid assumption), we estimate the 
required increase in sample size needed to achieve the same 
statistical power and precision as would a full lifetime 
study. Finally, we also compare the total study costs for  
a truncated follow-up experiment versus a full-length lon-
gevity study.

Methods

Data Sets
We utilized mortality data from a convenience sample of 

15 rodent life-span studies available to us from our own 
work or provided by close collaborators (Table 1). These 
life-span studies evaluated a broad range of factors, includ-
ing sex, genotype, and drug and diet, exercise, and surgical 
interventions, though we do not claim that they represent an 
exhaustive sampling of rodent longevity studies. Available 
studies, where the intervention changed during the course 
of the study, were excluded, such as the methionine study of 
Miller and colleagues (4). Of the 15 studies included, their 
average study length was 3.6 years (SD = 0.8) with an aver-
age sample size of 363 rodents (SD = 50).

Statistical Methods
For each available study, we estimated the mortality  

effects of the various treatments, interventions, and other 
factors considered in the original experiment via Cox PH 
regression. In order to access evidence for deviations from 
the assumption of PH, we performed statistical tests of the 
PH assumption by including time-based effects in the  
regression model for each study (5). The inclusion of time-
varying effects for each predictor variable is a standard 
statistical approach to assess the evidence for changing HRs
 changes over time, such as could occur if a given treatment 
leads to increased early mortality yet offers later protective 
effects (6). For each study, we performed an overall F test 
for all time-based effects in the full study data to examine 
the PH assumption. We utilized a jackknife procedure to 
conduct more focused tests for differences between the HR-
s obtained from analyzing the full longevity data versus 
truncating each study at 2 years (Appendix 1). We report 
uncorrected p values, so that readers may choose to apply 
the multiple testing or false discovery rate correction of 

their choice (7) or simply apply a nominal a = .05 signifi-
cance level (8).

To estimate the required increase in sample size for trun-
cated life-span studies, we assumed that, asymptotically, the 
variance of estimated effects is proportional to 1/N. That is, 
if we double the sample size, then the standard errors of 
estimated effects will shrink by a factor of 1/ 2. If the data 
from the full study yielded an estimate with variance VF and 
the truncated data yielded an estimate VT, then a truncated 
study will need a larger sample size by a factor of ~VF/VT 
to achieve equivalent power.

Based on the estimated sample size increases for trun-
cated longevity studies, we also estimated the costs associ-
ated with performing a hypothetical larger truncated 
experiment for each of the 15 studies. Based on the National 
Center for Research Resources rate-setting manual (9) and 
consulting with experts on rodent life-span experiments, we 
assumed the following in cost calculations. Both mice and 
rats incur an initial cost of $20.00 per animal to purchase, 
with loaded cage maintenance costs of $1.27 and $2.14 per 
day for mice (up to five per cage) and rats (up to three per 
cage), respectively. We also assume that a lab technician 
(salary of $40,000 per year) can manage up to 1,000 ro-
dents. Due to the fact that, in practice, surviving rodents are 
not reassigned to new cages, once cage mates have de-
ceased, these costs of full survival studies are likely under-
estimated at some level. All analyzes were performed using 
SAS v9.1.3 (SAS, Cary, NC).

Results
In Table 2, we report the uncorrected results of testing for 

departures from PH. After considering either the Bonferroni 
or Holm’s (10) multiple-testing corrections, none of the 
studies gave statistically significant evidence of deviation 
from a PH model (Table 2). Two studies, 5 and 8, did ex-
hibit nominal departure from PH. For Study 5, which tested 
selectively bred high-runner mice at different exercise lev-
els against control mice, the control mice initially died off at 
a slower rate than the other two treatment groups but then 
died off rapidly toward the end (11). For Study 8, the mice 
that were administered thyroxine started the study with 
similar survival rates but then experienced accelerating 
death rates later in the study (12).

Table 3 displays the results of truncating each of the stud-
ies at 2 years, censoring each rodent at 730 days for those 
with deaths that occurred after that point. The jackknife 
tests for differences in the estimated HRs between the trun-
cated and full-length studies suggest that in 43 of 49 com-
parisons (88%), the value of the estimated coefficients did 
not differ significantly between the truncated and full-length 
studies at the a = .05 level; at the Bonferonni corrected 
a level of .05/49, none of the differences were significant. 
Of the six treatment groups whose coefficients differed at 
the nominal .05 level, 4 of 6 were for dietary interventions.
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Table 2.  Statistical Tests of the Proportional Hazards Assumption by 
Experiment

Study N % Censored* Variable of Interest p Value†

1 400 0.00 Drug .149
2 226 0.00 Diet .148
3 37 2.70 Genotype/sex .969
4 598 0.30 Diet .454
5 180 0.00 Exercise .029
6 1,843 0.00 Drug .379
7 547 0.00 Weight .418
8 219 5.90 Genotype/hormone .006
9 499 21.20 Diet .178
10 133 0.00 Genotype .378
11 99 0.00 Genotype .956
12 237 0.00 Diet .294
13 151 0.00 Diet .660
14 137 5.10 Diet .497
15 161 0.00 Diet/surgery .934

Notes: N = total sample size.
* Denotes the percentage of right-censored survival times in full-length 

experiment.
† p Values obtained by performing an overall F test of time-based effects.

Figure 1 displays variance ratios for the estimated  
HRs from truncated and full-length studies, defined as 
(SE2yr/SEfull)2. Based on truncating studies at 2 years, the 
variances of the estimates became inflated by factors rang-
ing from 1.2 to 34.0. As expected, the proportion of rodents 
that died before 2 years was strongly correlated with the 
level of variance inflation (Figure 1). On average, the vari-
ance of the estimates increased by a factor of 5.1 (SD = 5.6, 
median = 3.4). The largest increases in the variance ratios 
were in studies where less than 20% of rodents died before 
2 years due to long life or small variation in life span. Under 
the assumption that truncated studies with five times as 
many rodents allocated to each arm would have equivalent 
power to a full-length study with one fifth of the total sample 
size, Appendix 2 displays the estimated total study cost for 
each type of design for each of the 15 data sets considered. 
The costs of running shorter experiments ranged from 1.8 to 
4.0 times the cost of the full-length study (Table 4). Full 
details of the cost computations are shown in Appendix 2.

Discussion
Our analysis indicates that, in most cases, interventions 

or other factors that influence rodent longevity induce  
effects consistent with PH models. Truncating the study 
length to 2 years did not significantly affect the estimated 
effect; only the variance of this estimate and hence its statis-
tical significance were influenced, a result of reduced sam-
ple size and power. This implies that the Cox PH regression 
model (13) is sufficient for detecting differences in longev-
ity, even when studies are cut short. We propose that  
increasing the number of rodents in the study by a factor 
derived from Figure 1, by a factor near 5 on average (mean) 
but in half the cases by a factor of no more than 3.4  
(median), can offer power equivalent to a full-length study. 
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In situations where time is critical and the impact of discov-
ery is large, the additional cost burden of a shorter experi-
ment may be justified. It may also be worth commenting on 
whether diet, strain, environment, cohort, etc. might have 
the most impact on achieving similarity of results in trun-
cated versus full longevity studies, particularly given that 
each of these factors can affect both the overall life-span 
trends and specific mortality trajectories at earlier time-
points. Of course, the truncated approach will not provide 

full information on diseases of aging compared with a full 
longevity/disease experiment.

The current results suggest empirical adherence of 
mouse and rat longevity studies to PH, implying similar 
effects on mortality rate across the full life span. Thus, al-
though the risk of death (hazard rate) may certainly accel-
erate with advanced age, it appears that differences in 
acceleration between groups commonly occur by a propor-
tional factor. This further suggests that cases where early, 

Table 3.  Comparative Results of the Full Versus Truncated Analyzes From Each Data set and Their Implications for the Comparative Direct 
Costs of 2-Y Versus Full Life-Span Study*

Study Treatment Group N b2y bfull Difference p Value Variance Ratio Cost Ratio

1 A 45 −1.249 –0.614 0.6352 .055 3.1 3.9
1 B 45 −0.644 0.008 0.6523 .006 2.2
1 C 45 −1.386 –0.308 1.0776 .002 3.4
1 D 45 1.589 2.083 0.4937 .001 1.2
1 E 45 −0.872 –0.444 0.4286 .123 2.5
1 F 45 −0.742 –0.327 0.4151 .139 2.4
1 G 45 −0.927 –0.323 0.6039 .064 2.6
2 A 41 −0.968 –0.759 0.2086 .168 1.6 4.0
2 B 39 −0.437 –0.720 –0.2830 .027 1.2
2 C 49 −0.405 –0.540 –0.1346 .217 1.3
2 D 48 −0.303 –0.441 –0.1377 .192 1.3
3 A 16 0.797 0.756 –0.0406 .693 1.2 1.8
4 A 98 −0.205 –0.039 0.1660 .506 3.4 3.7
4 B 99 −0.111 0.020 0.1302 .557 3.3
4 C 99 0.289 0.171 –0.1179 .459 2.7
4 D 99 −0.311 0.084 0.3954 .090 3.6
4 E 97 0.249 0.073 –0.1764 .332 2.7
5 A 60 −0.866 –0.160 0.7054 .008 2.9 2.9
5 B 60 −0.030 –0.047 –0.0174 .873 2.0
6 A 298 0.003 –0.030 –0.0334 .671 3.0 4.0
6 B 308 −0.310 –0.070 0.2402 .043 3.6
6 C 308 −0.385 –0.218 0.1678 .135 3.8
6 D 308 −0.189 –0.002 0.1874 .096 3.4
7 A 206 −0.063 0.286 0.3485 .114 5.9 3.6
7 B 57 0.308 0.241 –0.0667 .747 4.7
7 C 51 0.518 0.106 –0.4127 .114 4.0
8 A 47 −1.307 –2.148 –0.8414 .646 2.3 2.6
8 B 28 −0.778 –1.141 –0.3624 .905 2.2
8 C 35 −1.711 –2.233 –0.5214 .398 7.0
8 D 38 0.256 0.088 –0.1675 .129 6.5
8 E 32 0.524 0.481 –0.0427 .450 5.9
9 A 60 −0.187 –0.240 –0.0535 .947 4.2 3.9
9 B 55 −0.224 –0.160 0.0641 .848 4.2
9 C 54 −0.605 –0.300 0.3046 .586 5.3
9 D 55 −0.599 –0.510 0.0888 .878 5.3
9 E 55 −1.369 –0.790 0.5792 .547 8.4
9 F 55 −0.851 –0.510 0.3412 .576 5.9
9 G 55 0.997 0.590 –0.4068 .317 3.0
9 H 55 −0.016 –0.100 –0.0839 .878 4.2
10 A 44 −0.512 0.027 0.5385 .507 11.6 1.8
10 B 45 0.185 –0.251 –0.4365 .585 7.9
11 A 51 −0.041 –0.144 –0.1035 .927 24.0 2.1
12 A 57 −0.996 –1.150 –0.1535 .696 6.4 2.4
12 B 60 −2.696 –3.719 –1.0236 .317 12.6
12 C 71 −2.168 –3.212 –1.0444 .165 7.7
13 A 74 −0.221 –0.897 –0.6759 .137 7.1 2.3
14 A 67 −1.818 –0.773 1.0450 .447 34.0 2.1
15 A 53 −2.161 –2.055 0.1059 .916 4.4 2.8
15 B 51 −0.521 –0.713 –0.1922 .848 2.2

Note: *Some studies had more than two groups, which yields more than one estimated treatment effect. We have denoted each comparison within a study as 
A, B, etc.
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mean, and median life span are extended, extensions in so-
called maximal life span would also be the expected norm. 
However, exceptions to this general rule may be possible, 
in principle and observation. It is commonly observed and 
cited that in addition to mean and median life span, maxi-
mal life span is extended in response to calorie restriction, 
setting it apart from interventions that may increase mean 
or median life span independent of maximum life span 
(14,15). It is theoretically possible that an intervention that 
extends both mean and median life span has no benefit on 
maximal life span or that maximal life span may be in-
creased independent of mean or median benefits. What is 
less commonly reported is the case where higher early- to 
mid-life mortality is followed by a subsequent extension of 
maximal life span. Although such an instance has been re-
ported (4) and others may exist, it should be noted that the 
constant effects on longevity would only be expected in 
response to a single intervention that was maintained for 
the duration of the longevity study (16). Therefore, the al-
teration of a single intervention, as occurred with a methi-
onine restriction protocol that showed increased early-life 
mortality (using the initial dietary formulation) followed 
by subsequent extension (as the diet was reformulated at 
two interim study points), does not contradict the expected 
proportionality of life span (4). Whether other studies that 
show potential differences in either early-life or late-life 
mortality effects that might contradict the predicted pro-
portionality has not been formally tested. For example, 
calorie-restricted wild-derived mice were not extended at 
early- and mid-life but were extended at the 90th percen-
tile (17); resveratrol was reported to increase the early- and 

mid-life span of high fat–fed mice, with no benefit on max-
imal life span (18).

Part of the question regarding maximal life-span effects 
may be related to the lack of proper statistical analyzes of 
reported maximal longevity results. Clearly, truncating 
studies at any point prior to the maximal observed life 
span prevents assessment of any late-life specific effects 
that might occur. Yet, the limited sample size defining the 
maximum life span (90th percentile—4 animals of a co-
hort of 40) results in low-powered comparisons between 
groups, and it is often unclear whether observed increases 
in maximum life span are statistically significantly greater 
rather than simply numerically increased. The application 
of a standardized method, such as those described in (19) 
and (20) for maximal life-span assessment between  
studies, would be useful to determine whether longevity 
studies that have observed early- and mid-life extension 
consistently occur independent of late-life (maximal) ex-
tension. Another point of interest related to the propor-
tionality of survival/mortality is whether the cause of 
mortality may differ at various points along the survival 
curve. This is often likely to be the case, at least for com-
parisons of some groups (eg, sex differences, and if so, 
then an intervention that affects a specific cause of death 
that is isolated to late-life in rodents would be unobserved 
in a truncated study). Of course, our approach assumes 
that the observed mortality was due to natural causes in 
shorter lived mice; in practice, the investigator will need 
to check this assumption by carefully examining the 
causes of death.

The current results lend support to several practical  
applications. The first is the potential for statistical analyzes 
of existing data sets in order to hypothesize about the  
expected survival impact that may occur in response to a 
particular diet, compound, or intervention. In particular, we 
envision the use of toxicology studies of at least 2-year 
duration where greater than 20% mortality has occurred, 
potentially advancing aging research without additional 
study-related costs. Second, although we have specifically 
evaluated truncated 2-year life-span experiments in order to 
parallel existing toxicology resources, our results in no way 
imply that 2-year studies or designs with a fixed stopping 
point are optimal. Rather than specifying a deterministic 
study length, an alternative implication from PH would  
be the potential for applying group sequential or similar 
clinical trial designs that permit interim analyzes of a life-
span experiment (21). For example, one could envision a 
life-span study employing planned interim analyzes at 3 to 
6-month intervals beginning at 2 years using such ap-
proaches as conditional power methodology (22) or contin-
ual monitoring using Bayesian decision-theoretic techniques 
to evaluate the need to continue the experiment (23). This 
methodology may be particularly beneficial, given that re-
cent publications indicate that exploration of factors affect-
ing life span in rodents remains a staple of experimental 

Figure 1.  Ratios of variance in effect estimates in truncated versus full life-
span studies as a function of proportion of animals dying in truncated study. 
*The curved line represents a least squares second order polynomial fitted to the 
data. ** The numbers on the left side of the y-axis represent the log scale, 
whereas the numbers on the right side of the y-axis represent the absolute scale.
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aging research (24–28). Although similar analyzes have 
been applied to toxicology experiments in clinical drug test-
ing, our analyzes illustrate the potential to apply similar 
methodologies to a multifactorial endpoint of longevity. 
However, a meticulous adherence to the planned study de-
sign and proper analytic techniques is certainly advised to 
prevent improper interpretations, such as could occur by 
simply ending a study when a statistically significant result 
is obtained.
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Appendix 2. Cost estimates by study.

Study Length N
Mean  

Longevity
Maximum  
Longevity

Total  
Rodent  
Days

# Technicians  
Required

Technician  
Cost

Rodent  
Overhead  

Cost

Rodent 
Maintenance  

Cost
Total  
Cost

Cost  
Ratio

1 Full 360 765.5 1,065 275,592 1 $116,632 $7,200 $589,767 $713,599
1 2 y 1,800 669.7 730 1,205,430 2 $160,000 $36,000 $2,579,620 $2,775,620 3.9
2 Full 226 656.6 936 148,387 1 $102,505 $4,520 $317,548 $424,573
2 2 y 1,130 623.8 730 704,870 2 $160,000 $22,600 $1,508,422 $1,691,022 4.0
3 Full 37 646.6 879 23,922 1 $96,208 $740 $30,382 $127,330
3 2 y 185 628.5 730 116,275 1 $80,000 $3,700 $147,669 $231,369 1.8
4 Full 598 793.0 1,476 474,219 1 $161,643 $11,960 $602,258 $775,861
4 2 y 2,990 673.7 730 2,014,350 3 $240,000 $59,800 $2,558,225 $2,858,025 3.7
5 Full 180 734.1 1,099 132,139 1 $120,356 $3,600 $167,817 $291,772
5 2 y 900 643.8 730 579,435 1 $80,000 $18,000 $735,882 $833,882 2.9
6 Full 1,843 817.5 1,332 1,506,625 2 $291,745 $36,860 $1,913,414 $2,242,019
6 2 y 9,215 679.8 730 6,264,250 10 $800,000 $184,300 $7,955,598 $8,939,898 4.0
7 Full 547 859.8 1,306 470,309 1 $143,025 $10,940 $597,292 $751,258
7 2 y 2,735 699.4 730 1,912,990 3 $240,000 $54,700 $2,429,497 $2,724,197 3.6
8 Full 219 932.6 1,524 204,245 1 $166,899 $4,380 $259,391 $430,671
8 2 y 1,095 681.1 730 745,815 2 $160,000 $21,900 $947,185 $1,129,085 2.6
9 Full 499 778.1 1,113 388,283 1 $121,889 $9,980 $493,119 $624,989
9 2 y 2,495 681.5 730 1,700,290 3 $240,000 $49,900 $2,159,368 $2,449,268 3.9
10 Full 133 926.7 2,120 123,254 1 $232,170 $2,660 $156,533 $391,362
10 2 y 665 710.1 730 472,225 1 $80,000 $13,300 $599,726 $693,026 1.8
11 Full 99 968.7 1,245 95,902 1 $136,345 $1,980 $121,796 $260,121
11 2 y 495 728.7 730 360,700 1 $80,000 $9,900 $458,089 $547,989 2.1
12 Full 237 1,128.4 1,638 267,440 1 $179,384 $4,740 $339,649 $523,773
12 2 y 1,185 718.2 730 851,125 2 $160,000 $23,700 $1,080,929 $1,264,629 2.4
13 Full 151 948.5 1,362 143,219 1 $149,158 $3,020 $181,888 $334,066
13 2 y 755 714.7 730 539,597 1 $80,000 $15,100 $685,288 $780,388 2.3
14 Full 137 1,048.1 1,410 143,594 1 $154,415 $2,740 $182,364 $339,519
14 2 y 685 727.2 730 498,112 1 $80,000 $13,700 $632,602 $726,302 2.1
15 Full 161 816.7 1,078 131,481 1 $118,056 $3,220 $166,981 $288,257
15 2 y 805 692.3 730 557,330 1 $80,000 $16,100 $707,809 $803,909 2.8

Appendix 1 . Pseudocode for Jackknife Test of 
Differences in Full-Length and 2-Year 
Truncated HRs.

Let full 2yrθ log(HR ) log(HR ),= −  with corresponding es-
timator θ̂ based on the full data set (i = 1, 2, . . . , N observa-
tions). The jackknife procedure then consists of the 
following steps (29).

For i = 1 to N
Remove the ith subject from the data set.
Estimate q in the reduced sample, denote this estimate as θ̂i.
End
The jackknife estimate of q is then

1ˆ
θ θ ( 1)θ ,−= − −�

J NN N

where 1

1

ˆθ θ /
N

N i

i

N−

=

=∑ . The jackknife estimate of the 

standard error is

2
1

1

1
θ̂ θ .

N
J i N

i

N
SD

N
−

=

−
⎡ ⎤= −
⎣ ⎦∑

Thus, a test statistic under the null hypothesis θ̂ = 0 can 
be constructed as

θ

,=
�

J

J
T

SD
,

where T follows an approximate t distribution with N – 1 
degrees of freedom.
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