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Abstract

Background and Aims

Hepatorenal syndrome is a severe complication of cirrhosis and associates with significant
mortality. Vasoconstrictor medications improve renal function in patients with hepatorenal
syndrome. However, it is unclear to what extent changes in serum creatinine during treat-
ment may act as a surrogate for changes in mortality. We have performed a meta-analysis
of randomized trials of vasoconstrictors assessing the association between changes in
serum creatinine, taken as a continuous variable, and mortality, both while on treatment and
during the follow-up period for survivors.

Methods

The electronic databases of PubMed, Web of Science and Embase were searched for ran-
domized trials evaluating the efficacy of vasoconstrictor therapy for treatment of HRS type 1
or 2. The relative risk (RR) for mortality was calculated against delta creatinine. The propor-
tion of treatment effect explained (PTE) was calculated for delta creatinine.

Results

Seven trials enrolling 345 patients were included. The correlation between delta creatinine
and In (RR) was moderately good (R? = 0.61). The intercept and parameter estimate indi-
cated a fall in creatinine while on treatment of 1 mg/dL resulted in a 27% reduction in RR for
mortality compared to the control arm. In patients surviving the treatment period, a fall in cre-
atinine while on treatment of 1 mg/dL resulted in a 16% reduction in RR for post-treatment
mortality during follow-up. The PTE of delta creatinine for overall mortality was 0.91 and
0.26 for post-treatment mortality.
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Conclusions

Changes in serum creatinine in response to vasoconstrictor therapy appear to be a valid
surrogate for mortality, even in the period following the completion of treatment.

Introduction

Acute kidney injury (AKI) is a frequent complication of cirrhosis, occurring in up to 20% of
hospitalizations [1], and associates with poor outcomes [2]. The most common etiologies for
AKT in this setting are pre-renal azotemia, acute tubular necrosis and hepatorenal syndrome
(HRS). Outcomes vary by AKI etiology, with the highest mortality seen in patients with HRS
[3,4]. Despite a historically grim outlook, advances in treatment have provided hope for
patients with HRS. The use of systemic vasoconstrictors, which act by ameliorating splanchnic
and systemic vasodilation thereby attenuating renal vasoconstriction and restoring renal perfu-
sion, has improved outcomes in what was once a near universally fatal disease [5]. The most
common metric for evaluating efficacy of new therapeutics for HRS is “reversal of HRS” which
has been traditionally and arbitrarily defined as achieving a fall in serum creatinine to below
1.5 mg/dL [6]. Multiple trials have confirmed that such a dramatic renal response to treatment
among patients with HRS is indeed associated with reduced mortality [7-9]. Although vaso-
constrictors are clearly useful in temporizing renal dysfunction, the ultimate definitive treat-
ment for HRS remains liver transplantation [10,11]. As such, vasoconstrictor therapy should
not be construed as an attempt at cure but in fact a bridge until such time as a patient is eligible
and stable enough for transplant.

With the ultimate goal of treatment being bridging to transplant, even short-term improve-
ments in renal function that are sufficient to stabilize a patient should, in theory, be beneficial.
Patients who “respond” to therapy clearly have improved survival relative to non-responders.
However, the arbitrary nature of the 1.5 mg/dL serum creatinine threshold for “response” lim-
its the utility of this finding for determining the true association between lowering creatinine
and mortality. For example, it has been shown that creatinine at the time of treatment initiation
is a strong predictor of response [12]. This, however, is somewhat of a tautology; for example,
it is not surprising that patients are more likely to have their creatinine fall under 1.5 mg/dL if
they start treatment when it is at 2.5 mg/dL than they would be if treatment were initiated at 6
mg/dL. Demonstrating this, 33% of patients with creatinine between 2.5-3.0 mg/dL “respond”
to placebo [12]. “Responders” then may include both those with the most dramatic falls in cre-
atinine and those with the initially mildest degrees of renal dysfunction. However, the associa-
tion between changes in serum creatinine and alterations in glomerular filtration rate is non-
linear; a fall in serum creatinine from 2 mg/dL to 1.5 mg/dL is more meaningful than a fall
from 4 mg/dL to 3.5 mg/dL. In light of the challenges of conducting studies in this critically ill
population, the low prevalence of HRS and the difficulty of showing improvements in hard
outcomes, the disease has been granted orphan disease status from the Food and Drug Admin-
istration (FDA) in order to expedite therapeutic development.

In order to have meaningful assessment of potential therapeutic interventions for HRS, tri-
als may need to rely on continuous endpoints rather than the dichotomous distinction of
“response” or “non-response”. Utilizing absolute or relative changes in creatinine in response
to treatment as a surrogate outcome could better elucidate the association between lowering
creatinine with treatment and mortality as well as simplifying the design and conduct of future
trials. As defined by the Institute of Medicine (IOM), a valid surrogate is a biomarker that is
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intended to substitute for a clinical endpoint [13]. A surrogate endpoint is expected to predict
clinical benefit (or harm or lack of benefit or harm) based on epidemiologic, therapeutic,
pathophysiologic, or other scientific evidence. A critical and unanswered question then is to
what extent generalized improvements in creatinine following treatment with vasoconstrictors
are a good surrogate for improved survival.

We have performed a meta-analysis of randomized or quasi-randomized trials involving
vasoconstrictors with or without albumin for the treatment of HRS. As our objective was to
establish surrogacy, we have evaluated the association between changes in serum creatinine
and both overall and post-treatment mortality.

Methods

In order to ascertain the degree of association between change in creatinine and survival, we
searched for treatment comparisons including (1) vasoconstrictor drugs alone or with albumin
versus no intervention or albumin; (2) vasoconstrictor drugs alone or with albumin versus pla-
cebo or albumin alone or in combinations and (3) comparisons of different vasoconstrictor
drugs. The decision was made to include studies with vasoconstrictor drugs in both the treat-
ment and control arms because the goal of the study was not to identify the “optimal” treatment
regimen. Rather, our aim was to see, when comparing two regimens, to what extent the differ-
ence in change in creatinine between arms associated with any difference in mortality. The elec-
tronic databases of PubMed, Web of Science and Embase were searched for publications
between 1966 and June 2014 that evaluated the efficacy of vasoconstrictor therapy for the treat-
ment of HRS type 1 or 2. We searched for articles with the key words “hepatorenal syndrome”
or “HRS” and cross-referenced them with “vasoconstrictor therapy”, “dopamine”, “midodrine”,
“octreotide”, “terlipressin”, “vasopressin”, “ornipressin”, “noradrenaline”, and “norepineph-
rine”, limiting the search to English and human subjects. The references of promising manu-
scripts were searched manually. Neither unpublished data nor abstracts were incorporated into
the pool. The search generated a list of 615 unique publications. Criteria for eligibility for trial
selection were: (1) involvement of human participants with a diagnosis of HRS, either type 1 or
type 2, according to the definition by the International Ascites Club (as this definition has
changed over time this refers to the accepted version at the time of the trial); (2) a prospective,
randomized or quasi-randomized (pre-post) controlled trial evaluating the efficacy of a vaso-
constrictor regimen for the treatment of HRS; (3) documentation of pre-treatment and post-
treatment creatinine values; (4) documentation of mortality rates for treatment and control
groups; (5) a period of follow-up after the completion of the treatment period. Exclusion criteria
included trials with historical controls and cross-over trials. We excluded cross-over trials as
interpreting the data from both periods of cross-over trials when evaluating a fluctuating bio-
marker can be challenging and each treatment period of identified trials was very brief.

583/615 (95%) manuscripts were excluded upon examining titles as consisting of reviews or
relating to outcomes not pertinent to this analysis. 32 abstracts were reviewed by hand [14-45].
Of these, 15 were excluded as describing cohort studies [14-28], 3 employed historical controls
[29-31], 2 utilized a cross-over design [32,33], 2 were excluded for comparing different regimens
of a drug against itself [34,35] and 3 did not have any follow-up beyond completion of the trial
period [36-38]. Seven trials were therefore selected for analysis [7-9,39-42]. The flow chart of
the trial selection process is shown in Fig 1. Data was independently abstracted by two authors, J.
B and C.P. Disagreement between reviewers was resolved in consultation with S.C. Data
abstracted from the primary publications included treatment and control regimens, study size,
type of HRS included, duration of treatment, serum creatinine and mean arterial pressure at the
beginning and end of treatment, each trial’s definition of “response” to treatment, “response”
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Fig 1. Identification of Trials for Inclusion in Review. Process and criteria by which papers were selected

for inclusion in meta-analysis. Following exclusion of papers not relevant to the current study and those that
met exclusion criteria, a total of 7 papers were included in the analysis.

doi:10.1371/journal.pone.0135625.g001

rates for treatment and control arms, mortality rates for treatment and control arms during and
after treatment and duration of follow-up. The potential for biases in each study was assessed as
per the Cochrane Handbook for Systematic Reviews of Interventions [43]. The analysis and its
reporting are done in accordance with PRISMA Checklist for meta-analyses (see S1 Checklist).

Outcomes

The primary outcome was post-treatment mortality and the primary analysis focused on the
association between the degree of fall in creatinine while being treated for hepatorenal syn-
drome and post-treatment mortality. Because information on last serum creatinine was avail-
able only for patients who survived until the end of the trial period and was not available for
those who died before completion of the trial period, we conducted the analysis in two ways. In
the first analysis, we analyzed overall mortality from the start of treatment to the end of follow-
up, including mortality during treatment as well as post-treatment mortality. In this scenario,
the results would be biased towards the study hypothesis (demonstrating an association
between change in serum creatinine and overall mortality) if there is differential mortality in
the trial arms during the period of treatment. This is because creatinine at the time of death for
such patients is likely to be higher than creatinine at the end of treatment for survivors and
including these patients results in the inclusion of differential rates of deaths for patients who
do not contribute to the determination of post-treatment creatinine. In the second analysis, we
analyzed only post-treatment mortality (i.e., mortality from end of treatment to last follow-up
in the study). This analysis therefore included only patients who survived the trial period and
utilized serum creatinine from the last day of treatment. In this second analysis, the results will
be biased away from the study hypothesis (towards the null) if patients with worsening creati-
nine died differentially at a higher rate during the (typically) two week treatment period
because such patients, who would show a strong association between change in creatinine and
mortality, are excluded. This phenomenon could not be captured as we do not have last creati-
nine before death in non-survivors in any of the published reports. Thus, the survivors in both
arms are likely to be patients with comparatively lower creatinine, thereby reducing the separa-
tion in the final creatinine between the two arms. The proportion of overall and post-treatment
mortality that occurred during the intervention period vs. during post-treatment follow-up for
treatment and control patients for each study is shown in Fig 2.
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Fig 2. Proportion of Deaths Occurring During Intervention Period vs During Follow-up Period (Post-
Treatment). Percentage of overall patients who died during the study period in the treatment arms (T) and the
control arms (C) who died either while on treatment or during the post-treatment follow-up period.”N”
indicates the total number of patients in each arm who died.

doi:10.1371/journal.pone.0135625.g002

Statistical Analysis

The analyses were performed using RevMan version 5.3 (Nordic Cochrane Centre, Copenha-
gen, Denmark). Meta-analyses were performed using DerSimonian-Laird random-effects
models due to expected heterogeneity. Results are presented as relative risks (RR) for binary
and weighted mean differences for continuous outcomes, both with 95% confidence intervals
(CI). I? values were calculated as measures of the degree of inter-trial heterogeneity. Bubble
plots were constructed and best-fit lines mapped for the natural log of the relative risk for
death and the mean differences in delta creatinine. Pearson correlation coefficients were calcu-
lated for each plot. Forrest plots were constructed comparing treatment and control groups
regarding delta creatinine from the beginning to end of the treatment period and mortality,
both overall and post-treatment. For the sake of consistency, terlipressin combined with albu-
min was considered the treatment arm in each study as each included trial had at least one arm
utilizing this regimen but, as stated previously, the intent is not to explicitly compare this regi-
men verses others. P values are 2-sided with a value <0.05 considered as statistically significant.
RR are presented along with 95% confidence intervals.

Calculation of Surrogate Effect

The purpose of this meta-analysis was not to evaluate the relative superiority of various vaso-
constrictor regimens but instead to assess for the utility of utilizing change in creatinine as a
surrogate for mortality. We sought to determine to what degree differences in changes in creat-
inine between randomized treatment groups, rather than the difference in treatment itself,
explained differences in mortality. To calculate the surrogate effect of delta creatinine, we used
the approach of proportion of treatment effect explained (PTE) (Fig 3a and 3b) and used the
simple formula AB/C to calculate the surrogate effect, where A is the effect of the intervention
on the delta creatinine, B is the effect of the delta creatinine on the mortality adjusting for inter-
vention and C is the total effect of intervention on mortality [44-46].

Results
Trial Characteristic

The search of the literature identified 615 papers, of which 7 were eventually included in the
analysis. Table 1 lists the general characteristics of the included trials. The series included
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Fig 3. Path Graph for Proportion of Treatment Effect for Overall Mortality. Figure represents the path
graph used to calculate the proportion of treatment effect (PTE) for overall mortality (3a) and post-treatment
mortality (3b). The PTE, for both figures, calculates what proportion of the association “C” is attributable to the
surrogate of delta creatinine while on treatment.

doi:10.1371/journal.pone.0135625.g003

publications between 2002 and 2013. Only 1 trial was conducted in the United States. Two
were from India, two from Italy and two were from Spain, all were single centers. The total par-
ticipants in the trials were 345, with 176 patients in what were considered the treatment arms
and 169 in the controls. Terlipressin plus albumin was compared to noradrenaline plus albu-
min in 3 trials, albumin alone in 2, placebo plus albumin in one and compared to terlipressin
alone in one trial. Initial doses of terlipressin ranged from 2mg daily to 6mg daily. 6/7 (86%)
studies titrated terlipressin doses based on changes in serum creatinine and 1/7 (14%) had a
pre-specified reduction in dose after 5 days of therapy [44]. The maximum allowable terlipres-
sin dose ranged from 8mg to 12mg daily. The maximum duration of treatment was relatively
consistent across the trials, ranging from 14 to 19 days. Three trials enrolled only patients with
Type 1 HRS, one included only Type 2 HRS and the remaining three enrolled a mixture of
Type 1 and Type 2. In general, the included trials had low risk for bias given the absence of
poor randomization, incomplete data on outcomes or selective reporting. However, the major-
ity of trials were non-blinded and without allocation concealment (Fig 4). Evaluation for

Table 1. General Characteristic of Included Trials.

Author (Year) Intervention

Alessandria (2007) Terlipressin + albumin
Ghosh (2013) Terlipressin + albumin
Martin-Llahi (2008) Terlipressin + albumin

Neri (2008) Terlipressin + albumin
Ortega (2002) Terlipressin + albumin
Sanyal (2008) Terlipressin + albumin
Singh (2012) Terlipressin + albumin

Control HRS 1 vs 2 Definition of Response Response %,
Treatment vs Control

Noradrenaline + albumin 9 HRS 1,13 HRS 2  30% drop in Scr to < 1.5 mg/dL 83vs 70
Noradrenaline + albumin HRS 2 Scr < 1.5 mg/dL 74 vs 74
Albumin 35HRS 1,11 HRS 2 Scr < 1.5 mg/dL 44 vs 9
Albumin HRS 1 Scr < 1.5 mg/dL 80 vs 19
Terlipressin 16 HRS 1, 5 HRS 2 Scr < 1.5 mg/dL 77 vs 25
Placebo + albumin HRS 1 Scr < 1.5 mg/dL 34 vs 13
Noradrenaline + albumin HRS 1 Scr < 1.5 mg/dL 39 vs 43

Abbreviations: HRS, hepatorenal syndrome; Scr, serum creatinine

doi:10.1371/journal.pone.0135625.t001
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Fig 4. Assessment of Bias in Included Trials. Assessment for the risk of various biases in the included
trials as recommended by the Cochrane Bias Methods Group. Green indicates low risk of bias, red indicates
high risk of bias.

doi:10.1371/journal.pone.0135625.g004

publication bias via funnel plot (Fig 5) shows a potential paucity of smaller studies but, given
the relatively small sample size of all published trials, it is possible this is artifactual [47].

The starting and ending creatinine for the treatment and control arms of each trial as well
corresponding overall and post-treatment mortality in each arm are shown in Table 2. The
duration of follow-up for the studies was 3 months with the exception of Singh et al. (1
month). The primary analysis in the trial by Sanyal et al. included a 6 month follow-up but we
utilized data from the manuscript to calculate 3 month mortality for consistency across studies.
The serum creatinine level of patients in the treatment arms fell by an average of 1.14 mg/dL as
compared to 0.61 mg/dL in the control arms among those who survived to the end of the treat-
ment period for a mean difference of -0.57 (95% CI -0.90 to -0.23) (Fig 6). Importantly, overall
mortality was also reduced in the treatment arm, RR 0.84 (95% CI 0.71-0.99) (Fig 7a). The
combination of these findings suggests a fall in the RR for overall mortality of 16% for each
reduction of creatinine of 0.57 mg/dL in patients treated with vasoconstrictors for HRS.

Post-treatment mortality (mortality during follow-up for those who survived the interven-
tion period) was also reduced in the treatment arm, RR 0.70 (95% CI 0.51-0.97) (Fig 7b). This
finding suggests a greater fall in the RR for post-treatment mortality of 30% for each reduction

0 SE(I0g[RR]D
o
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e}
o i
0et o
08t '
i O
03t
i
RR

1 + +
oo 01 1 10 100

Fig 5. Assessment of Publication Bias. Assessment of potential publication bias among included trials via
funnel plot.

doi:10.1371/journal.pone.0135625.9g005
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Table 2. Trial Outcomes.

Alessandria
Ghosh

Martin-
Llahi

Neri
Ortega
Sanyal
Singh

N

12
23
23

26
13
56
23

Scr at Baseline (mg/dL)

Treatment

25+0.3
212 +0.21
3.60 + 1.40

2.80+1.09
3.6+0.5

3.96 +2.19

3.26 + 0.81

N

10
23
23

26
8
56
23

Scr at End of Treatment (mg/dL) Overall Mortality Post-Treatment Duration of
Mortality Follow-up
Control N Treatment N Control Treatment Control Treatment Control

23+02 12 13+02 10 1.3%0.1 412 3/10 412 3/10 3 months
1.98+0.19 19 1.41+058 18 1.27+0.23 8/23 9/23 419 4/18 3 months
410+240 11 3.33+167 15 3.87+240 17/23 19/23 5/11 11/15 3 months
290+1.19 21 127+0.36 13 2.13+0.49 12/26 19/26 7/21 6/13 3 months
34+03 12 15+0.2 4 34+0.7 6/13 7/8 5/12 3/4 3 months
385+1.17 41 326+219 41 3.85+1.17 28/56 34/56 13/41 19/41 3 months
282+03 9 167+092 11 155+0.5 16/23 15/23 2/9 3/11 1 month

Abbreviations: Scr, serum creatinine; mg, milligram; dL, deciliter

doi:10.1371/journal.pone.0135625.t002

of creatinine of 0.57 mg/dL in patients treated with vasoconstrictors for HRS who survive the
treatment period.

Utilizing meta-regression, the association between delta creatinine and the natural log of the
RR for overall mortality was plotted (Fig 8a). The correlation between delta creatinine and In
(RR) was moderately good (R*=0.61). The resulting intercept and parameter estimate indicate
that a fall in creatinine while on treatment of 1 mg/dL will result in a 27% reduction in RR for
mortality compared to the control arm. However the correlation between the percent change
in creatinine from baseline and In (RR) was poorer, R = 0.30.

The association between delta creatinine and the natural log of the RR for post-treatment
mortality was then plotted (Fig 8b). The correlation between delta creatinine and In (RR) was
significantly lower than for overall mortality, (R* = 0.28). The intercept and parameter estimate
indicate that a fall in creatinine while on treatment of 1 mg/dL will result in a 16% reduction in
RR for post-treatment mortality compared to the control arm in those who survive.

Assessment of Proportion of Treatment Effect Explained (PTE)

The difference of delta creatinine between intervention and control is -0.57 (A). Importantly,
overall mortality was also reduced in the treatment arm with RR 0.84 and In (RR) = -0.17 (C).
The effect of delta creatinine on In (RR) of mortality is 0.27 (B), then PTE for delta creatinine is

Terlipressin Control Mean Difference Mean Difference
Study or Subgroup  Mean  SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Alessandria A2 .02 12 0 01 10 174%  -020(0.33,-0.07) N
Ghosh 071 058 23 071 023 23 162%  0.00(0.25029 T
Martin-Llahi 025 18 23 085 2423 52%  030(083153 -1
Neri 143036 26 -077 049 26 164% -0.66[0.89,-043 +
Ortega 2102 130 07 8 128% -210[2.80,-1.60) -
Sanyal 07 02 8 0 02 8 17.7% -070(077,-0.63 .
Singh A58 08 23 127 05 23 144%  -032(0.11,007) -7
Total (95% CI) 176 169 100.0% -0.57[-0.90,-0.23] ¢
Heterogeneity: Tau?= 0.16; Chi*=103.09, df= 6 (P < 0.00001); = 34% '4 12 5 1'1
Testfor overall effect Z= 3.34 (P = 0.0009) Favors eaiment Favors control

Fig 6. Change in Serum Creatinine in Survivors at the End of Treatment. Forrest plot assessing the
weighted mean difference between delta creatinine in patients who survived treatment between those treated
with terlipressin plus albumin vs all other control groups.

doi:10.1371/journal.pone.0135625.g006
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7A Teriipressin  Control Risk Ratio Risk Ratio
Study or Subgroup _ Events Total Events Total Weight M-H,Random, 95% CI M-H, Random, 95% CI
Alessandria ¢ 1 3 10 19% 111(0.32,384) i
Ghosh 8§ 2 9 23 50% 089(0.42,1.89) =
Martin-Ulahi 17 B 19 23 305% 089(0.66,1.22) -+
Neri 12 % 19 26 126% 063(0.39,1.02) ===
Ortega 6 13 7 8 69% 053(0.28,1.00) -
Sanyal 8 5% 56 254% 0.82(0.59,1.15) o
Singh 1% 2 15 2B 177% 1.07(0.71,1.60) -+
Total (95% CI) 176 169 100.0% 0.84[0.71,0.99] 4
Total events Ll 106
Heterogeneity: Tau?= 0.00; Ch*= 5.15, df= 6 (P= 0.52); F= 0% 5001 051 140 10[;
Testfor overall effect Z= 206 (P=0.04) Favors treatment Favors control
7B Tefipressn_ Contral Risk Ratio Risk Ratio
Study or Subgroup _ Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Alessandria 4 12 3 10 68% 1.11[032,384) i e—
Ghosh 4 19 4 18 69% 095(0.28,323) =1
Martin-Llahi 5 1 115 203% 062(0.30,1.27) ===
Neri 7T 6 13 145% 072(0.31,1.68) —r
Ortega 5 12 34 135% 056(0.23,1.33) e
Sanyal 13 4 19 41 335% 068(0.39,1.19) —
Singh 2 9 31 43% 081[0.17,387) .
Total (95% C1) 125 112 100.0% 0.70[0.51,0.97) ‘
Total events 40 49
Heterogeneity: Tau*= 0.00; Chi'=1.23, df= 6 (P = 0.98); F= 0% :001 051 110 100=
Testfor overal effect Z= 217 (P= 0.03) Favours terlipressinFavours control

Fig 7. Mortality in Treatment vs Control Group. Forrest plots assessing the relative risk for overall (6a) and
post-treatment (6b) mortality between those treated with terlipressin plus albumin vs all other control groups.
Post-treatment mortality represents the mortality during the duration of the follow-up period in those who
survived the treatment period. Total N therefore reflects those patients who survived the treatment period and
“Events” are the number of those patients who then subsequently died during follow-up.

doi:10.1371/journal.pone.0135625.g007

8A i
Overall Mortality v-02715x-0051
R?=0.6148
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02—
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£
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Post-treatment Mortality ~ v=0.1632c-0.189
R?=0.2787
03
0:2
w25 1
3
£
Delta Creatinine

Fig 8. Correlation Between Change in Serum Creatinine During Treatment and Relative Risk of
Overall Mortality. Bubbles graphs depict the correlation between changes in creatinine while on treatment

with overall (7a) and post-treatment (7b) mortality. T
per each fall in serum creatinine of 1 mg/dL.

he intercept represents the fall in relative risk for mortality

doi:10.1371/journal.pone.0135625.g008
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0.91 (calculation: 0.27 x (-0.57)/(-0.17)). The PTE for delta creatinine on post-treatment mor-
tality was 0.26 (calculation: 0.16 x (-0.57)/(-0.35).

Discussion

HRS has traditionally been one of the most feared complications of cirrhosis and, prior to the
introduction of modern treatments, was associated with near universal mortality if patients did
not rapidly receive a liver transplant. Over the past 20 years the treatment of HRS has improved
with the introduction of systemic vasoconstrictors, which improve renal function by shunting
blood from the splanchnic to systemic circulation. Critically however, approval of such agents,
in particular terlipressin, has lagged in North America. Trials evaluating these agents have
struggled to distinguish between the impacts of different treatment arms verses different treat-
ment responses on survival. We have performed a meta-analysis of randomized trials of vaso-
constrictors attempting to determine the attributable changes in mortality per unit change in
creatinine. Statistically such an approach treats changes in creatinine itself as the intervention,
irrespective of treatment regimen. To confirm the utility of delta creatinine as a surrogate out-
come, we assessed the association between fall in creatinine and mortality both overall and
post-treatment, thereby mitigating survivor bias.

The fall in creatinine was significantly larger in patients treated with terlipressin plus albu-
min, 1.14 mg/dL vs 0.061 mg/dL, than other regimens. Mortality was also reduced in these
patients, RR 0.84 (0.71-0.99). Utilizing meta-regression, we determined that the correlation
between delta creatinine and overall mortality was moderately good, R* = 0.61 and that a fall in
creatinine of 1 mg/dL while on treatment results in a 27% reduction in mortality. Remarkably,
the PTE for the effect of delta creatinine on mortality was extremely strong, 0.91. Critically,
though the associations were milder, delta creatinine while on treatment was also associated
with mortality in survivors in the period after treatment was completed. A 1 mg/dL fall in cre-
atinine while on treatment was associated with a 16% reduction in RR for mortality during the
follow-up period and the PTE for this interaction was 0.26.

In line with the FDA’s directives, assessing changes in creatinine in response to HRS therapy
as a continuous surrogate outcome may expedite development and approval of new therapeu-
tics as these continuous endpoints would provide more statistical power than the dichotomous
clinical end-points of mortality or reversal of HRS. To be valid and acceptable for drug devel-
opment however a surrogate outcome must be directly linked to a hard outcome such as mor-
tality. In AKI research, such a relationship is not always readily apparent and few studies have
demonstrated falls in mortality with treatments designed to lower creatinine. For example, in
the setting of cardiac surgery, performing surgery off pump as opposed to on pump lowered
AKT rates but this did not correlate with improved survival [48]. However, in this study, while
the incidence of AKI varied significantly between groups, the actual mean difference in serum
creatinine between the treatment arms was much lower than what is seen in HRS trials.

Numerous observational cohort studies and, more recently, several randomized trials have
shown improvements in renal function when patients with HRS are treated with vasoconstric-
tors [7,37,39]. Such trials however have primarily focused on comparing treatment regimens in
their ability to lower creatinine to an arbitrarily established cutoff, typically 1.5 mg/dL. In
regards to mortality, the focus of these trials has again been in comparing outcomes for differ-
ent treatment regimens rather than specifically assessing the association between falls in creati-
nine and survival. In multiple meta-analyses, evidence for improved mortality with
vasoconstrictor treatment has been elusive [49,50], though a recent Cochran review of random-
ized terlipressin trials does suggest reduced mortality in patients treated with terlipressin and
albumin [51]. In contrast to these muddied findings, virtually all trials have found markedly
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improved survival in “responders” vs. “non-responders”, again typically defined by a fall in cre-
atinine to below 1.5 mg/dL during the course of treatment. In the trial by Sanyal et al. a statisti-
cally significant improvement in survival for “responders” vs. “non-responders” was seen by 14
days, 100% vs 65%, p = 0.002, and persisted to at least 90 days (66% vs 36%, p = 0.025) [38].

However, hospitalized patients with decompensated cirrhosis have a very high mortality.
Death from non-renal causes is a competing risk for renal recovery; responders by definition have
to live long enough to respond. Assessing the association between response and mortality there-
fore is inherently biased in favor of showing treatment benefit, evidenced by the extremely high
PTE of 0.91 seen in our analysis for the interaction between delta creatinine and overall mortality.
It is not sufficient then to note that patients who have a dramatic fall in serum creatinine when
treated with vasoconstrictors have reduced mortality. Our finding that post-treatment mortality
among those who survive the study period is also associated with delta creatinine while on treat-
ment is therefore both novel and critical and suggests delta creatinine may indeed be a valid surro-
gate for short-medium term mortality among patients with HRS treated with vasoconstrictors.

Our study is not without limitations. Despite a rigorous search of the literature, the number
of identified trails meeting the inclusion criteria was low and the resulting number of included
patients was modest. This number was further reduced when evaluating post-treatment mor-
tality due to the high mortality rate during the intervention period. Ideally, such patients could
have been included utilizing time varying analysis but creatinine values at the time of death for
those patients who died prior to the completion of the intervention period were unfortunately
not available, nor was information available as to on which study day these patients died. In
two trials exact numbers regarding post-treatment mortality were not provided in the text but
had to be extrapolated from figures. The included studies show large heterogeneity when
assessing for changes in creatinine at the end of treatment but very little heterogeneity in
regards to the association between changes in serum creatinine and both overall and post-treat-
ment mortality. Meta-regressions usually, though not always [52,53] involve at least 10 studies.
The findings from this aspect of our analysis therefore must be taken as preliminary pending
the availability of more trials. Finally, studies varied in their inclusion of patients with Type 1
vs. Type 2 HRS and such patients may be expected to differ in respect to their associations
between changes in creatinine and mortality.

In conclusion, improvement in serum creatinine while receiving vasoconstrictor therapy for
HRS is associated with both overall and post-treatment mortality. Rather than approaching
response to treatment with a dichotomous, arbitrary creatinine cutoff, these results suggest that
treating the degree of response as a continuous variable may add more nuance and provide a
valid surrogate for mortality in this extremely challenging to study patient population. Such a
surrogate could improve the assessment of utility of current treatments and facilitate expedited
approval of novel therapies.

Supporting Information

S1 Checklist. Checklist for analysis and reporting of meta-analyses as per the Cochrane
Handbook for Systematic Reviews of interventions.
(DOC)

Author Contributions

Conceived and designed the experiments: JMB SGC CRP. Performed the experiments: JMB
SGC CRP. Analyzed the data: JMB SGC CRP. Contributed reagents/materials/analysis tools:
SGC. Wrote the paper: JMB SGC CRP.

PLOS ONE | DOI:10.1371/journal.pone.0135625 August 21,2015 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135625.s001

@’PLOS ‘ ONE

Creatinine on HRS Therapy as Mortality Surrogate

References

10.

11.

12

13.
14.

15.

16.

17.

18.

19.

20.

21.

22,

Garcia-Tsao G, Parikh CR, Viola A. Acute kidney injury in cirrhosis. Hepatology 2008; 48:2064—77.

Du Chyron D, Bouchet B, Parienti JJ, Ramakers M, Charbonneau P. The attributable mortality of acute
renal failure in critically ill patients with liver cirrhosis. Intensive Care Med 2005; 31:1693—1699.

Carvalho GC, Regis Cde A, Kalil JR, Cergueira LA, Barbosa DS, Motta MP, et al. Causes of renal fail-
ure in patients with decompensated cirrhosis and its impact in hospital mortality. Ann Hepatol 2010;
11:90-95.

Martin-Llahi M, Guevara M, Torre A, Fagundes C, Restuccia T, Gilabert R, et al. Prognostic importance
of the cause of renal failure in patients with cirrhosis. Gastroenterology 2010; 140:488-496.

Belcher JM, Parikh CR, Garcia-Tsao G. Acute kidney injury in patients with cirrhosis: perils and prom-
ise. Clin Gastroenterol Hepatol 2013; 11(12):1550—-1558.

Angeli P, Gines P, Wong F, Bernardi M, Boyer TD, Gerbes A, et al. Diagnosis and management of
acute kidney injury in patients with cirrhosis: Revised consensus recommendations of the International
Ascites Club. J Hepatol 2015; 62:968—-974.

Ortega R, Ginés P, Uriz J, Cardenas A, Calahorra B, De Las Heras D, et al. Terlipressin therapy with
and without albumin for patients with hepatorenal syndrome: Results of a prospective, randomized
study. Hepatology 2002; 36:941-948.

Martin-Llahi M, Pépin MN, Guevara M, Diaz F, Torre A, Monescillo A, et al. Terlipressin and albumin vs
albumin in patients with cirrhosis and hepatorenal syndrome: A randomized study. Gastroenterology
2008; 134:1352—-1359.

Ghosh S, Choudhary NS, Sharma AK, Singh B, Kumar P, Agarwal R, et al. Noradrenaline vs terlipres-
sin in the treatment of Type 2 Hepatorenal Syndrome: a randomized pilot study. Liver Int 2013;
33:1187-1193.

Nadim MK, Genyk YS, Tokin C, Fieber J, Ananthapanyasut W, Ye W, et al. Impact of etiology of acute
kidney injury on outcomes following liver transplantation: Acute tubular necrosis versus hepatorenal
syndrome. Liver Transpl 2012; 18(5):539-548.

Boyer TD, Sanyal AJ, Garcia-Tsao G, Regenstein F, Rossaro L, Appenrodt B, et al. Impact of liver
transplantation on the survival of patients treated for hepatorenal syndrome type 1. Liver Transp/ 2011;
17(11):1328-1332.

Boyer TD, Sanyal AJ, Garcia-Tsao G, Blei A, Carl D, Bexon AS, et al. Predictors of response to terli-
pressin plus albumin in hepatorenal syndrome (HRS) type 1: relationship of serum creatinine to hemo-
dynamics. J Hepatol 2011; 55(2):315-321.

Institute of Medicine. Evaluation of Biomarkers and Surrogate Endpoints in Chronic Disease. 2010.

Salerno F, Cazzaniga M, Merli M, Spinzi G, Saibeni S, Salmi A, et al. Diagnosis, treatment and survival
of patients with hepatorenal syndrome: A survey on daily medical practices. J Hepatol 2011; 55
(6):1241-1248.

Saner F, Kavuk I, Lang H, Biglarnia R, Frihauf NR, Paul A, Stavrou G, et al. Terlipressin and gelafun-
din: safe therapy of hepatorenal syndrome. Eur J Med Res 2004; 9:78-82.

Halimi C, Bonnard P, Bernard B, Mathurin P, Mofredi A, di Martino V, et al. Effect of terlipressin (gly-
pressin) on hepatorenal syndrome in cirrhotic patients: results of a multicenter pilot study. Eur J Gastro-
enterol Hepatol 2002; 14:153-158.

Danalioglu A, Cakaloglu Y, Karaca C, Aksoy N, Akyuz F, Ozdil K, et al. Terlipressin and albumin combi-
nation treatment in hepatorenal syndrome. Hepatogastroenterology 2003; 50 (Suppl 2):303-305.

Narahara Y, Kanazawa H, Sakamoto C, Maruyama H, Yokosuka O, Mochida S, et al. The efficacy and
safety of terlipressin and albumin in patients with Type 1 Hepatorenal Syndrome: a multicenter, open
label, exploratory study. J Gastroenterol 2012; 47(3):313-320.

Moreau R, Durand F, Poynard T, Duhamel C, Cervoni JP, Ichai P, et al. Terlipressin in patients with cir-
rhosis and Type 1 Hepatorenal Syndrome: a retrospective multicenter study. Gastroenterology 2002;
122(4):923-930.

Von Kalckreuth V, Glowa F, Geibler M, Lohse AW, Denzer UW. Terlipressin in 30 patients with hepator-
enal syndrome: results of a retrospective study. Z Gastroenterol 2009; 47(1):21-26.

Esrailian E, Pantangco ER, Kyulo NL, Hu KQ, Runyon BAI. Octreotide/Midodrine therapy significantly
improves renal function and 30-day survival in patients with Type 1 Hepatorenal Syndrome. Dig Dis Sci
2007; 52(3):742-748.

Kiser TH, Fish DN, Obritsch MD, Jung R, MacLaren R, Parikh CR. Vasopressin, not octreotide, may be
beneficial in the treatment of hepatorenal syndrome: a retrospective study. Nephrol Dial Transplant
2005; 20(9):1813-1820.

PLOS ONE | DOI:10.1371/journal.pone.0135625 August 21,2015 12/14



@’PLOS ‘ ONE

Creatinine on HRS Therapy as Mortality Surrogate

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.
44.

Maddukuri G, Cai CX, Munigala S, Mohammadi F, Zhang Z. Targeting an early and substantial increase
in mean arterial pressure is critical in the management of Type 1 Hepatorenal Syndrome: a combined
retrospective and pilot study. Dig Dis Sci 2014; 59(2):471-481.

Uriz J, Ginés P, Cardenas A, Sort P, Jiménez W, Salmerdn JM, et al. Terlipressin plus albumin infusion:
an effective and safe therapy of hepatorenal syndrome. J Hepatol 2000; 33:43-48.

Duvoux C, Zanditenas D, Hézode C, Chauvat A, Monin JL, Roudot-Thoraval F, et al. Effects of nor-
adrenalin and albumin in patients with Type 1 Hepatorenal Syndrome: A pilot study. Hepatology 2002;
36:374-380.

Alessandria C, Venon WD, Marzano A, Barletti C, Fadda M, Rizzetto M. Renal failure in cirrhotic
patients: role of terlipressin in clinical approach to hepatorenal syndrome type 2. Eur J Gastroenterol
Hepatol 2002; 14:1363—-1368.

Wong F, Pantea L, Sniderman K. Midodrine, octreotide, albumin and TIPS in selected patients with cir-
rhosis and Type 1 Hepatorenal Syndrome. Hepatology 2004; 40:55-64.

Nazar A, Pereira GH, Guevara M, Martin-Llahi M, Pepin MN, et al. Predictors of response to therapy
with terlipressin and albumin in patients with cirrhosis and Type 1 Hepatorenal Syndrome. Hepatology
2010; 51:219-226.

Skagen C, Einstein M, Lucey MR, Said A. Combination treatment with octreotide, midodrine, and albu-
min improves survival in patients with Type 1 and Type 2Hepatorenal Syndrome. J Clin Gastroenterol
2009; 43(7):680-685.

Colle |, Durand F, Pessione F, Rassiat E, Bernuau J, Barriére E, et al. Clinical course, predictive factors
and prognosis in patients with cirrhosis and Type 1 Hepatorenal Syndrome treated with terlipressin: A
retrospective analysis. J Gastroenterol Hepatol 2002; 17:882—-888.

Angelli P, Volpin R, Gerunda G, Craighero R, Roner P, Merenda R, et al. Reversal of Type 1 Hepatore-
nal Syndrome with the administration of midodrine and octreotide. Hepatology 1999; 29:1690-1697.

Hadenque A, Gadano A, Moreau R, Giostra E, Durand F, Valla D, et al. Beneficial effects of the 2-day
administration of terlipressin in patients with cirrhosis and hepatorenal syndrome. J Hepatol 1998; 29
(4):565-570.

Pomier-Layrargues G, Paquin SC, Hassoun Z, Lafortune M, Tran A. Octreotide in hepatorenal syn-
drome: A randomized, double-blind, placebo-controlled, crossover study. Hepatology 2003; 38:238—
243.

Mulkay JP, Louis H, Donchier V, Bourgeois N, Adler M, Deviere J, et al. Long-term terlipressin adminis-
tration improves renal function in cirrhotic patients with Type 1 Hepatorenal Syndrome: a pilot study.
Acta Gastroenterol Belg 2001; 64:15-19.

Guevara M, Ginés P, Fernandez-Esparrach G, Sort P, Salmerén JM, Jiménez W, et al. Reversibility of
hepatorenal syndrome by prolonged administration of ornipressin and plasma volume expansion.
Hepatology 1998; 27:35-41.

Sharma P, Kumar A, Sharma BC, Sarin SK. An open label, pilot, randomized controlled trial of nor-
adrenaline versus terlipressin in the treatment of Type 1 Hepatorenal Syndrome and predictors of
response. Am J Gastroenterol 2008; 108:1689—1697.

Solanki P, Chawla A, Garg R, Gupta R, Jain M, Sarin SK. Beneficial effects of terlipressin in hepatore-
nal syndrome: A prospective, randomized placebo-controlled clinical trial. J Gastroenterol Hepatol
2003; 18:152-156.

Salé J, Ginés A, Quer JC, Fernandez-Esparrach G, Guevara M, Ginee P, et al. Renal and neurohor-
monal changes following simultaneous administration of systemic vasoconstrictors and dopamine or
prostacyclin in cirrhotic patients with hepatorenal syndrome. J Hepatol 1996; 25(6):916—-923.

Sanyal AJ, Boyer T, Garcia-Tsao, Regenstein F, Rossaro L, Appenrodt B, et al. A randomized, pro-
spective, double-blind, placebo-controlled trial of terlipressin for Type 1 Hepatorenal Syndrome.
Gastroenterology 2008; 134:1360-1368.

Alessandria C, Ottobrelli A, Debernardi-Venon W, Todros L, Cerenzia MT, Martini S, et al. Noradrenalin
vs terlipressin in patients with hepatorenal syndrome: A prospective, randomized, unblended study. J
Hepatol 2007; 47:499-505.

Singh V, Ghosh S, Singh B, Kumar P, Sharma N, Bhalla A, et al. Noradrenaline vs terlipressin in the
treatment of hepatorenal syndrome: A randomized study. J Hepatol 2012: 56:1293—1298.

Neri S, Pulvirenti D, Malaguarnera M, Cosimo BM, Bertino G, Ignaccolo L, et al. Terlipressin and albu-
min in patients with cirrhosis and Type 1 Hepatorenal Syndrome. Dig Dis Sci 2008; 53:830-835.

http://community.cochrane.org/handbook

Buyse M and Molenberghs G. Criteria for the validation of surrogate endpoints in randomized experi-
ments. Biometrics 1998; 54(3):1014-1029.

PLOS ONE | DOI:10.1371/journal.pone.0135625 August 21,2015 13/14


http://community.cochrane.org/handbook

@’PLOS ‘ ONE

Creatinine on HRS Therapy as Mortality Surrogate

45.

46.

47.

48.

49.

50.

51.

52.

53.

Buyse M, Piedbois P, Piebois Y, Carlson RW. Meta-analysis: methods, strengths, and weaknesses.
Oncology (Williston Park) 2000; 14(3):437-443.

Molenberghs G, Geys H, Buse M. Evaluation of surrogate endpoints in randomized experiments with
mixed discrete and continuous outcomes. Stat Med 2001; 20(20):3023-3038.

Sterne JA, Sutton AJ, loannidis JP, Terrin N, Jones DR, Lau J, et al. Recommendations for examining
and interpreting funnel plot asymmetry in meta-analyses of randomised controlled trials. BMJ 2011 Jul
22; 343:d4002. doi: 10.1136/bmj.d4002

Garg AX, Devereaux PJ, Yusuf S, Cuerden MS, Parikh CR, Coca SG, et al. Kidney function after off-
pump or on-pump coronary artery bypass graft surgery: a randomized clinical trial. JAMA 2014; 311
(21):2191-8.

Dobre M, Demirjian S, Sehgal AR, Navaneethan SD. Terlipressin in hepatorenal syndrome: a system-
atic review and meta-analysis. Int Urol Nephrol 2011; 43(1):175-84.

Fabrizi F, Dixit V, Messa P, Martin P. Terlipressin for hepatorenal syndrome: A meta-analysis of ran-
domized trials. Int J Artif Organs 2009; 32(3):133—40.

Gluud LL, Christensen K, Christensen E, Krag A. Terlipressin for hepatorenal syndrome. Cochrane
Database Syst Rev 2012; 9:CD005162. doi: 10.1002/14651858.CD005162.pub3

Grgntved A, Hu FB. Television viewing and risk of Type 2 diabetes, cardiovascular disease, and all-
cause mortality. JAMA 2011; 305(23):2448-2455.

Cheng JYW, Chen RYL, Ko JSN, Ng EML. Efficacy and safety of atomoxetine for attention-deficit/
hyperactivity disorder in children and adolescents-meta-analysis and meta-regression analysis.
Psychopharmacology 2007; 194:197—-209.

PLOS ONE | DOI:10.1371/journal.pone.0135625 August 21,2015 14/14


http://dx.doi.org/10.1136/bmj.d4002
http://dx.doi.org/10.1002/14651858.CD005162.pub3

