
2. Lai YC, Tabima DM, Dube JJ, Hughan KS, Vanderpool RR, Goncharov DA,
et al. SIRT3-AMP-activated protein kinase activation by nitrite and
metformin improves hyperglycemia and normalizes pulmonary
hypertension associated with heart failure with preserved ejection
fraction. Circulation 2016;133:717–731.

3. Hansmann G, Wagner RA, Schellong S, Perez VA, Urashima T, Wang L,
et al. Pulmonary arterial hypertension is linked to insulin resistance
and reversed by peroxisome proliferator-activated receptor-gamma
activation. Circulation 2007;115:1275–1284.

4. Paulin R, Dromparis P, Sutendra G, Gurtu V, Zervopoulos S, Bowers L,
et al. Sirtuin 3 deficiency is associated with inhibited mitochondrial
function and pulmonary arterial hypertension in rodents and humans.
Cell Metab 2014;20:827–839.

5. Agard C, Rolli-Derkinderen M, Dumas-de-La-Roque E, Rio M, Sagan C,
Savineau JP, et al. Protective role of the antidiabetic drug metformin
against chronic experimental pulmonary hypertension. Br J Pharmacol
2009;158:1285–1294.

6. Dean A, Nilsen M, Loughlin L, Salt IP, MacLean MR. Metformin reverses
development of pulmonary hypertension via aromatase inhibition.
Hypertension 2016;68:446–454.

7. Zuckerbraun BS, Shiva S, Ifedigbo E, Mathier MA, Mollen KP, Rao J, et al.
Nitrite potently inhibits hypoxic and inflammatory pulmonary arterial
hypertension and smooth muscle proliferation via xanthine oxidoreductase-
dependent nitric oxide generation. Circulation 2010;121:98–109.

8. Hirschey MD, Shimazu T, Jing E, Grueter CA, Collins AM, Aouizerat B,
et al. SIRT3 deficiency and mitochondrial protein hyperacetylation
accelerate the development of the metabolic syndrome. Mol Cell
2011;44:177–190.

9. Palacios OM, Carmona JJ, Michan S, Chen KY, Manabe Y, Ward JL III,
et al. Diet and exercise signals regulate SIRT3 and activate AMPK and
PGC-1alpha in skeletal muscle. Aging (Albany NY) 2009;1:771–783.

10. Marra AM, Arcopinto M, Bossone E, Ehlken N, Cittadini A, Grünig E.
Pulmonary arterial hypertension-related myopathy: an overview of
current data and future perspectives. Nutr Metab Cardiovasc Dis
2015;25:131–139.

11. Anisimov VN, Piskunova TS, Popovich IG, Zabezhinski MA, Tyndyk ML,
Egormin PA, et al. Gender differences in metformin effect on aging,
life span and spontaneous tumorigenesis in 129/Sv mice. Aging
(Albany NY) 2010;2:945–958.

12. Quan H, Zhang H, Wei W, Fang T. Gender-related different effects of a
combined therapy of Exenatide and Metformin on overweight or
obesity patients with type 2 diabetes mellitus. J Diabetes Complications
2016;30:686–692.

Copyright © 2018 by the American Thoracic Society

An Alternative Approach for the Analysis of
Time-to-Event and Survival Outcomes in
Pulmonary Medicine

To the Editor:

For many pulmonary illnesses, the time to an event, such as death,
is of primary interest. Visually, the Kaplan-Meier survival

curve is an essential tool to assess time-to-event data (1). However,
summarizing the difference of a time-to-event outcome between
study groups can be challenging. For example, although the log-
rank test compares survival curves, this test does not provide an
estimate of the effect of an exposure (i.e., treatment effect estimate)
(2). The Cox proportional hazards regression model does provide
an effect estimate in terms of the hazard ratio (HR), defined as the
ratio of two instantaneous rates of an event at any time during
follow-up (3). However, without knowing the event rate in the
reference group, the HR can be difficult to interpret and place into
context. Further, a key assumption of the Cox proportional hazards
model is that the HR is constant between study groups over
time (i.e., the proportional hazards assumption). When this
assumption is violated, a situation that is not uncommon, results
can become distorted and misleading (4). Another common metric,
the median survival time, requires sufficient follow-up for survival
to be less than 50% to be estimated.

The restricted mean survival time (RMST) estimate is an
alternative approach that has not been widely applied in the field of
pulmonary medicine. Graphically, the RMST represents the area
under the survival curve and is interpreted in simple terms: the
average time until an event occurs during a defined period ranging
from time 0 (i.e., the start of follow-up) to a specific follow-up time
point (t) (4–10). Thus, the RMST is the t-specific life expectancy
for a study group. For example, the gray area under the Kaplan-
Meier curve in Figure 1A demonstrates the 15-year RMST in our
first example.

A comparison of the RMST between two study groups provides
an estimate of the duration of time gained or lost that is associated
with an exposure, and can be expressed on the absolute difference
scale (Equation 1) or relative ratio scale (Equation 2):

restricted  life  expectancy  difference ¼ RMST  group  22 RMST  group  1 (1)

restricted  life  expectancy  ratio ¼ RMST  group  2=RMST  group  1: (2)

Methods
To illustrate the RMST approach, we examined unadjusted
differences in survival in two cohorts of patients with pulmonary
illnesses. These analyses were for illustrative purposes only and
do not represent formal assessments of clinical hypotheses.
The first sample included individuals in the London chronic
obstructive pulmonary disease (COPD) cohort with moderate to
very severe COPD, and we compared survival among those who
chronically produced sputum with that among those who did
not. The second sample included individuals who received
a single lung transplant in the United States between 2005
and 2016 (after implementation of the lung allocation score
in May 2005), using the United Network for Organ Sharing
registry, and we compared posttransplant survival based on age
at transplantation.

Results
In the first example, we analyzed 373 deaths among 661 patients
in the London COPD cohort during a follow-up period of 20.4
years (ending in March 2016; Figure 1). The Kaplan-Meier plot
showed that the survival curves crossed at Year 14 of follow-
up, and the proportional hazards assumption was not met
(Grambsch-Therneau test, P = 0.026; Figure 1B). Thus, we were
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analytically limited to an examination of time-specific differences in
survival, the median survival times, or the RMST estimates. Time-
specific survival proportions and the median survival time only
summarize the data at a single point on an entire survival curve. In
contrast, the RMST incorporates all past information provided by
the survival curve. However, an important consideration when
reporting the RMST is the selection of the time horizon. As the
survival curves crossed late in the study period, when a limited
number of individuals remained under follow-up, we felt it was
reasonable to report the 15-year RMST in this example as a
summary of the long-term difference in mortality. The 15-year

RMST difference showed that, on average, sputum producers lived
9.6 fewer months than nonsputum producers (illustrated by the
shaded area in Figure 1B; 8.8 yr2 8.0 yr = 0.8 yr3 12 mo/yr =
9.6 mo). However, if researchers encounter crossing or changing
curves in an analysis that they believe might reflect different and
biologically plausible survival trajectories, they could still use the
RMST to estimate effects over separate periods (e.g., early and late
effects) (4).

In our second analysis, we examined 5-year, age-stratified
survival curves for 5,938 individuals who received a single
lung transplant in the United States between 2005 and
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Figure 1. Unadjusted survival analysis of (A) patients who produced sputum and then (B) in comparison with those who did not produce sputum in
the London chronic obstructive pulmonary disease cohort. (A) Three descriptive measures derived from a Kaplan-Meier survival curve for those individuals
with chronic sputum production only. The shaded gray area under the Kaplan-Meier survival curve represents the 15-year restricted mean survival
time (RMST), m indicates the median survival time, and p indicates the proportion of individuals alive halfway through the follow-up period at 10 years.
(B) Shaded gray area illustrates the RMST difference through 15 years. This quantity is the difference between the area under the Kaplan-Meier curves for
the two groups. CI = confidence interval.
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2016 (Figure 2). Here again, we found that the proportional
hazards assumption was not met (Grambsch-Therneau test,
P = 0.001). Further, we could not calculate the median
survival time for the youngest age group, as it occurred after
5 years of follow-up. Therefore, we used the RMST method,
which showed that the 5-year life expectancy after a
transplant was 3.74 years (95% confidence interval [CI],
3.65–3.83), 3.50 years (95% CI, 3.43–3.56), and 3.06 years
(95% CI, 2.92–3.20) among individuals aged ,60, 60–69,
and >70 years at the time of transplant, respectively. These
RMST estimates showed that transplant recipients aged ,60
years lived an extra 8.2 months on average (0.68 yr3 12 mo/yr;
95% CI, 6.1–10.2 mo extra) compared with recipients >70 years
of age on the absolute scale (using Equation 1). The 5-year life
expectancy for recipients aged 60–69 years was 6% shorter (ratio =
0.94; 95% CI, 0.91–0.96) on the relative scale (using Equation 2).

Discussion
As shown in these examples, the RMST offers several inferential
advantages over other time-to-event statistics. Although we
examined survival, any time-to-event endpoint can be assessed
using the RMST approach. Statistical inference (i.e., estimation
and hypothesis testing) using the RMST, including P values,
confidence intervals, and covariate adjustment, can be performed
in most popular statistical software packages, such as R (11)
and STATA (4, 12). Study group comparisons using the
RMST estimate also confer comparable statistical power to the log-
rank test and test for the HR in many situations (13, 14), thereby
providing an alternative and clinically meaningful measure of time
gained or lost to inform research and patient care. n
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Figure 2. Unadjusted survival analysis of individuals who received a single lung transplant in the United States between 2005 and 2016. We excluded
concurrent multivisceral, pediatric, and retransplants. This figure illustrates both the difference and ratio of the restricted mean survival time (RMST)
estimates between individuals ,60, 60–69, and >70 years of age at the time of his/her transplant. The light gray area (region A) is the RMST difference
between those ,60 and 60–69 years of age at the time of transplant. The darker gray area (region B) is the RMST difference between those 60–69 and
>70 years of age at the time of transplant. The difference between those ,60 years and >70 years of age at the time of transplant is the summation of
these two areas. CI = confidence interval; HR = hazard ratio; PH = proportional hazards; y = years.
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Extracorporeal CO2 Removal May Improve Renal
Function of Patients with Acute Respiratory Distress
Syndrome and Acute Kidney Injury: An Open-Label,
Interventional Clinical Trial

To the Editor:

Attenuation of inflammatory and apoptotic responses in patients
with acute respiratory distress syndrome (ARDS) has been
associated with a reduction in end-organ failure and the
improvement in outcome observed with conventional protective
ventilation (1). Recent data show that further reductions of VT

improve outcomes, but extracorporeal CO2 removal (ECCO2R)
is needed to manage respiratory acidosis (2).

Mechanical ventilation is an independent risk factor for
mortality in patients with acute kidney injury (AKI) (3). Increased
plasma concentrations of inflammatory mediators and apoptosis of
renal tubular cells are associated with AKI (4).

Recent studies have proposed the incorporation of ECCO2R
into the conventional renal replacement therapy (RRT) circuit
to support lung and kidney functions simultaneously (5, 6).
However, data comparing RRT1ECCO2R (RRT1) plus
ultraprotective ventilation with RRT alone plus conventional
ventilation are not available. In this study, we sought to examine
the hypothesis that adding RRT1 allows ultraprotective ventilation
that preserves renal function through attenuation of inflammation
and apoptosis.

Methods
Mechanically ventilated patients with ARDS on RRT for AKI were
enrolled during the period of December 2015 to March 2017
(Clinicaltrials.gov identifier: NCT 02595619). Review boards
approved the protocol.

RRT1. RRT was performed with continuous venovenous
hemodiafiltration. A polypropylene membrane lung was inserted
in series before the hemofilter (Diapact CRRT [continuous RRT];
B. Braun). Anticoagulation was ensured by continuous infusion of
heparin (2). In case of a contraindication for heparin, a calcium-
free citrate replacement fluid provided anticoagulation. RRT was
commenced at a blood flow of 300 ml/min. Sweep gas was set at
0 L/min (time 0 [T0]). VT was then reduced from 6 ml/kg to a
minimum value of 4 ml/kg while positive end-expiratory pressure
(PEEP) was increased to target a plateau pressure of 25 cm H2O (2).
Once the lowest value of VT was reached, sweep gas was switched
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