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Kidney Center, Munich, Germany, 3Department of Medicine, Friedrich Alexander University, Erlangen, Germany, 4Faculty of
Medicine, Hebrew University of Jerusalem, Jerusalem, Israel, 5Diabetes Unit, Hadassah Hebrew University Hospital, Jerusalem,
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Aims: The LEADER trial demonstrated that the glucagon-like peptide-1 receptor agonist
(GLP1-RA) liraglutide reduces kidney and cardiovascular (CV) risk in patients with type 2
diabetes. We previously developed a Parameter Response Efficacy (PRE) score that
translatesmultiple short-term riskmarker changes, from baseline to first available follow-up
measurement, into a predicted long-term drug effect on clinical outcomes. The objective of
this study was to assess the accuracy of the PRE score in predicting the efficacy of
liraglutide in reducing the risk of kidney and CV outcomes.

Methods: Short-term changes in glycated hemoglobin (HbA1c), systolic blood pressure
(BP), urinary-albumin-creatinine-ratio (UACR), hemoglobin, body weight, high-density-
lipoprotein (HDL) cholesterol, low-density-lipoprotein (LDL) cholesterol, and potassium
were monitored in the LEADER trial. Associations between risk markers and kidney or CV
outcomes were established using a multivariable Cox proportional hazards model in a
separate pooled database of 6,355 patients with type 2 diabetes. The regression
coefficients were then applied to the short-term risk markers in the LEADER trial to
predict the effects of liraglutide on kidney (defined as a composite of doubling of serum
creatinine or end-stage kidney disease) and CV (defined as a composite of non-fatal
myocardial infarction, non-fatal stroke, and CV death) outcomes.

Results: Liraglutide compared to placebo reduced HbA1c (1.4%), systolic BP
(3.0 mmHg), UACR (13.2%), body weight (2.3 kg), hemoglobin (2.6 g/L), and increased
HDL-cholesterol (0.01 mmol/L) (all p-values <0.01). Integrating multiple risk marker
changes in the PRE score resulted in a predicted relative risk reduction (RRR) of
16.2% (95% CI 13.7–18.6) on kidney outcomes which was close to the observed
RRR of 15.5% (95% CI -9.0–34.6). For the CV outcome, the PRE score predicted a
7.6% (95% CI 6.8–8.3) RRR, which was less than the observed 13.2% (95% CI
3.2–22.2) RRR.

Conclusion: Integrating multiple short-term risk markers using the PRE score adequately
predicted the effect of liraglutide on the composite kidney outcome. However, the PRE
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score underestimated the effect of liraglutide for the composite CV outcome, suggesting
that the risk markers included in the PRE score do not fully capture the CV benefit of
liraglutide.

Keywords: liraglutide, diabetes, risk markers, kidney outcomes, cardiovascular outcomes

INTRODUCTION

In the last years, glucagon-like peptide 1 receptor agonists
(GLP1-RA) including liraglutide, semaglutide, albiglutide,
dulaglutide, and efpeglenatide have been shown to decrease
the risk of cardiovascular (CV) events in patients with type 2
diabetes and atherosclerotic CV disease or at high CV risk
(Gerstein et al., 2021; Tuttle et al., 2021). In addition, GLP1-
RA have been shown to slow the progression of kidney
function decline particularly in patients with chronic kidney
disease (Tuttle et al., 2018; Kristensen et al., 2019; van Ruiten
et al., 2021).

Emerging studies show that the improvement in glycemic
control only mediates a small part of the kidney protective
effect of GLP1-RA. In the LEADER and the SUSTAIN-6 trial,
the reduction in HbA1c with liraglutide and semaglutide only
explained 25% of the kidney protective effect of these
therapies (Mann et al., 2021). GLP1-RA exert multiple
effects on risk markers of CV and kidney disease
progression such as effects on blood pressure, body weight,
and albuminuria. These effects may contribute to the long-
term protective effect of these therapies (Muskiet et al., 2017;
Nauck et al., 2021). In addition, GLP1-RA may also exert
protective effects by promoting natriuresis and diuresis,
down-regulate pro-inflammatory, and oxidative stress
pathways, and exert direct beneficial effects on endothelial
function (Drucker, 2018; Sposito et al., 2018; Kawanami and
Takashi, 2020).

Recognising the multiple effects of GLP1-RA in mediating
kidney and CV protection, we hypothesized that a
multivariable risk score, which integrates the short-term
effects of drugs, would outperform single surrogate in the
prediction of drug effects on long-term clinical outcomes. The
multiple Parameter Response Efficacy (PRE) score was
previously developed to predict the long-term effect of
angiotensin receptor blockers, endothelin receptor
antagonists, and sodium glucose co-transporter 2 (SGLT2)
inhibitors on kidney and CV outcomes (Smink et al., 2014a;
Smink et al., 2014b; Schievink et al., 2015; Schievink et al.,
2016; Idzerda et al., 2020). In the accompanying article, we
describe the utility of the PRE score to predict the efficacy of
the SGLT2 inhibitor empagliflozin in patients with established
CV disease (Tye et al., 2021). The objective of this study is to
assess the accuracy of the PRE score in estimating the effect of
GLP1-RA liraglutide on kidney and CV outcomes in patients
at high CV risk. Second, we applied the PRE score to predict
the effect of the GLP1-RA semaglutide in the ongoing FLOW
trial, a long-term kidney outcome trial to assess the long-term
efficacy and safety of semaglutide which is expected to report
in 2024.

MATERIALS AND METHODS

Data Sources and Population
The PRE score was used to estimate the effect of liraglutide on
kidney and CV outcomes. The PRE score was intended as a
flexible algorithm which can be used to any drug or population by
fitting the regression coefficients from the multivariable Cox
proportional hazards model onto the short-term risk markers
measured in an independent population. In this study, the short-
term risk markers and outcome relationships were established at
baseline in a background dataset consisting of a pooled
population of patients with type 2 diabetes at high risk of
kidney events or with an established CV disease from the
ALTITUDE, RENAAL, and IDNT trials (Supplementary
Table 1). The pooled database consisted of 6,355 patients with
type 2 diabetes at high risk of kidney events or with an established
CV disease in whom a total of 1,129 (17.8%) composite kidney
outcomes, and 794 (12.5%) primary composite CV outcomes
were recorded during follow-up. The designs and primary
outcomes for these trials have been previously published
(Ruggenenti et al., 1997; Lewis et al., 2001; Parving et al.,
2012). The estimated beta-coefficients were then applied to all
patients in the LEADER trial to assess the liraglutide-induced
relative risk reduction (RRR) using the PRE score.

In addition, we selected patients from the LEADER trial who
fulfilled the inclusion criteria of the ongoing FLOW trial which is
designed to assess the effect of semaglutide on major kidney and
CV death outcomes in patients with diabetic kidney disease
(NCT03819153). In this subgroup from the LEADER trial, we
estimated the effect of liraglutide on the composite kidney and
CV death outcomes to predict future results of the FLOW trial.

Risk Markers Selection
Variables that were measured in the intention-to-treat population
in the LEADER trial and previously identified as risk markers for
kidney or CV outcomes were used, i.e., glycated hemoglobin
(HbA1c), systolic blood pressure (BP), urinary-albumin-
creatinine ratio (UACR), body weight, hemoglobin (Hb), high-
density-lipoprotein (HDL) cholesterol, low-density-lipoprotein
(LDL) cholesterol, and serum potassium (K).

Outcome Definition
Since the PRE score was initially developed to predict drug
efficacy on kidney outcomes, we first predicted the effect of
liraglutide on the kidney outcome which was a secondary
outcome in the LEADER trial and defined as a composite of
confirmed doubling of serum creatinine (DSCR) or end stage
kidney disease (ESKD). The CV outcome in the LEADER trial
was defined as a composite of non-fatal myocardial infarction,
non-fatal stroke, or CV death. For prediction of the effect of
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GLP1-RA in the ongoing FLOW trial, we used the primary
outcome of the trial defined as a composite of a sustained
decline in estimated glomerular filtration rate (eGFR) by 50%,
ESKD, or CV death.

Statistical Analysis
A multivariable Cox proportional hazards model was used to
estimate the beta-coefficients associated with kidney or CV
outcomes in the background dataset. These beta-coefficients
were then applied to the baseline and 6-months (or first
available) risk marker measurement for patients in the
LEADER trial, to estimate the risk of specific outcomes at
both time points in the placebo or liraglutide arm, h(t) = ho(t)
e∑β1pX1 where event rate at time t is a product of baseline hazard
(ho(t)) and the sum of the linear function of the estimated β
coefficients and the respective risk marker measurement(s) (X).
The mean difference in the predicted risk in the liraglutide arm,
adjusted for the mean difference in their predicted risk at the
placebo arm, represents the PRE score and reflects an estimated
kidney or CV risk reduction induced by liraglutide treatment.
To estimate the 95% confidence intervals (CI) on the predicted
RRR, 100 sets of coefficients were generated from independent
normal distributions based on the estimated regression
coefficients and their standard error from the Cox
proportional hazards model.

In the LEADER trial dataset, several risk markers were not
available at 6-months, therefore we used those available at
subsequent visits (12-months: UACR, HDL-cholesterol, LDL-
cholesterol; 24-months: hemoglobin and K). To assess the impact
of the selection of risk markers at different time-points, we
performed an additional analysis using all biomarkers at 24-
months. To further assess the robustness of our findings we also
performed a complete case analysis based on the risk marker
changes between baseline and first follow-up measurement
(Supplementary Table 2).

For the prediction of the FLOW trial outcomes, we performed
additional simulation analyses with a simulated range of
liraglutide induced responses on albuminuria, HbA1c, systolic
BP, and body weight since the effect of semaglutide on the various
risk markers may differ from the effects of liraglutide in the
LEADER trial. We simulated these markers because they are
important risk markers of kidney and CV outcomes and showed
the most significant reductions following liraglutide treatment.
Simulations were performed by shifting the distribution of the
responses in these risk markers. This was done by selecting
different proportions of patients with a response in the risk
marker where response was defined as a reduction more or
equal than the median.

Based on the missing at random assumption, we imputed all
variables which contain missing data using Multiple Imputation
by Chained-Equation (using the R package “MICE”, version
3.11.0) where predictive mean matching, a semi-parametric
approach that replaces missing values based on multivariable
regression was used (White et al., 2011). Covariate distributions
were checked visually to ensure reasonably imputed values. For
variables which are normally distributed, means and standard
deviations are reported. For UACR, medians with first and third

interquartile ranges are reported due to the non-normal
distribution and natural log-transformation was applied for
this variable in the Cox proportional hazards model.
Categorical variables are described in frequencies and
percentages. A two-sided p-value smaller than 0.05 was
considered statistically significant. All statistical analyses were
performed in R version 4.1.1 (R Project for Statistical Computing,
http://www.r-project.org).

RESULTS

In the LEADER trial, a total of 9,340 patients were randomly
assigned to receive liraglutide (N = 4,672) or placebo (N =
4,668) and were included in the intention-to-treat population.
The participants of the LEADER trial were characterized by
high CV risk in general. At baseline, there were 7,598 (81.3%)
participants who had an established CV disease. The mean
HbA1c was 8.7%, systolic BP was 135.9 mmHg, eGFR was
79.1 ml/min/1.73 m2 and 1,982 (21.2%) patients had an eGFR
<60 ml/min/1.73 m2. The median UACR at baseline was
24.8 mg/g. Demographic and clinical characteristics of the
patients were well-balanced between the treatment and
placebo group (Table 1).

Short-Term Changes in Risk Markers
Short-term risk marker changes at 6-months (or first available)
measurement observed in the LEADER trial are given in
Figure 1. Treatment with liraglutide significantly reduced
HbA1c (1.4%), systolic BP (3.0 mmHg), UACR (13.2%), and
body weight (2.3 kg) (p < 0.001). A decrease in hemoglobin
(2.6 g/L) and mild elevation of HDL-cholesterol (0.01 mmol/
L) were observed (p < 0.01). The direction and magnitude of
the effect of liraglutide on individual risk marker change was
similar in the complete case analysis and the additional
analysis using biomarker changes from baseline to 24-
months (Supplementary Figures 1,2).

Observed and PRE Score Predicted
Treatment Effect
During 3.8 years of follow-up in the LEADER trial (N = 9,340),
there were 237 (2.5%) patients who developed a kidney outcome,
and 1,302 (13.9%) who developed a CV outcome. The observed
RRR of liraglutide was 15.5% (95% CI −9.0–34.6) for the kidney
outcome, and 13.2% (95% CI 3.2–22.2%) for the CV outcome
(Figure 2). The prediction of the treatment effect of liraglutide
based on single surrogates caused an underestimation of the
overall treatment effect on kidney or CV outcomes. For instance,
based on the observed placebo corrected HbA1c reduction, it was
estimated that liraglutide would reduce the risk of the kidney
outcome by 2.7% (95% CI 2.5–2.8) and the CV outcome by 3.7%
(95% CI 3.5–3.9). Based on albuminuria reduction alone, the
predicted RRR of liraglutide on the kidney outcome was 13.2%
(95% CI 10.8–15.5) and 2.8% (95% CI 2.3–3.4) for the CV
outcome. Integrating the multiple short-term risk marker
changes using the PRE score resulted in a predicted RRR of
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16.2% (95% CI 13.7–18.6) for the kidney outcome and RRR of 7.6
(95% CI 6.8–8.3) for the CV outcome.

In the complete case analysis, the predicted RRR for the kidney
outcome was similar to the observed, a RRR 17.1% (95% CI
14.2–19.9) vs. 15.8% (95% CI -11.6–36.5), respectively. The PRE
score underestimated the RRR for the CV outcome [predicted
7.7% (95% CI 6.9–8.6) vs. observed 13.9% (95% CI 2.4–24.0)]
(Supplementary Figure 3).

In the analysis using risk marker changes from baseline to
24-months (N = 9,340), the observed RRR for the kidney
outcome was 15.5% (95% CI −9.0–34.6), while the PRE
score predicted a RRR of 14.7% (95%CI 11.9–17.4)
(Supplementary Figure 4). For the CV outcome, the PRE
score underestimated the effect of liraglutide, the observed
RRR was 13.2% (3.2–22.2) while the PRE score predicted a
RRR of 5.6% (95% CI 4.7–6.5).

TABLE 1 | Baseline characteristics of patients included in the background dataset and in the LEADER trial.

Characteristic Background
population (N = 6,355)

Total population in the LEADER trial (N = 9,340)

Placebo (N = 4,672) Treatment (N = 4,668)

Age (years) 61.0 (9.0) 68.4 (7.2) 64.2 (7.2)
Female, n (%) 2,128 (33.5) 1,680 (36.0) 1,657 (35.5)
Race, n (%)
Caucasian 3,529 (55.5) 3,622 (77.5) 3,616 (77.5)
Black 569 (9.0) 407 (8.7) 370 (7.9)
Asian 1,527 (24.0) 465 (10.0) 471 (10.1)
Others 730 (11.5) 178 (3.8) 211 (4.5)

eGFR (ml/min/1.73m2) 51.2 (22.5) 79.3 (21.8) 78.9 (22.4)
Glycated hemoglobin (%) 8.1 (1.7) 8.7 (1.5) 8.7 (1.6)
Systolic BP (mmHg) 144.8 (20.0) 135.9 (17.7) 135.9 (17.8)
UACR (mg/g) 276.9 [54.5, 1193.9] 26.2 [7.2, 156.6] 23.3 [7.0, 134.4]
Weight (kg) 83.4 (19.8) 91.6 (20.8) 91.9 (21.2)
Hemoglobin (g/L) 128 (18.7) 137.1 (14.8) 137.1 (15.3)
HDL-cholesterol (mmol/L) 1.2 (0.4) 1.2 (0.3) 1.2 (0.3)
LDL-cholesterol (mmol/L) 3.1 (1.3) 2.3 (0.9) 2.3 (0.9)
Potassium (mmol/L) 4.6 (0.5) 4.5 (0.5) 4.5 (0.5)

For numerical variables which are normally distributed, data is presented as mean (SD). For UACR with a skewed distribution, median [IQR] is presented. Categorical variables are
presented as frequency (%). BP, blood pressure; UACR, urinary-albumin-creatinine-ratio; HDL, high-density-lipoprotein; LDL, low-density-lipoprotein. Estimated glomerular filtration rate
(eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula which is in accordance to the LEADER trial protocol (Levey et al., 2009; Marso
et al., 2016a).

FIGURE 1 | Mean changes in risk markers from baseline to 6-months (or first follow-up) measurement in the imputed total population of the LEADER trial (N =
9,340). Changes are presented as mean with 95% confidence intervals, for the placebo and liraglutide group. HbA1c, glycated hemoglobin; BP, blood pressure; UACR,
urinary-albumin-creatinine-ratio; HDL, high-density-lipoprotein; LDL, low-density-lipoprotein.
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Prediction of the FLOW Trial Outcomes
There were 327 (3.5%) patients from the LEADER trial who
met the inclusion criteria of the ongoing FLOW trial. In this
subgroup, the mean age was 66.7 years, mean eGFR was
38.9 ml/min/1.73 m2 and median UACR was 1,086.9 mg/g
(Supplementary Table 3). The baseline characteristics
of these individuals were well matched between the
placebo and liraglutide group. Liraglutide reduced HbA1c
(1.4%), UACR (31.8%), and body weight (2.5 kg), p < 0.001
(Figure 3A).

Using the PRE score, we estimated that semaglutide as
compared to placebo in the FLOW trial will lead to a RRR of
16.3% (95% CI 5.9–25.7) for the composite kidney or CV
death outcome (Figure 3B). Our simulations demonstrated
that the effect of liraglutide is predominantly driven by
changes in UACR whereby with larger or smaller UACR
changes, the effect of liraglutide on the kidney or CV
death outcome were markedly higher or lesser. To achieve

a RRR in the primary outcome of the FLOW trial by 20%, we
estimated that at least a 31% decrease in UACR is required
(Figure 4).

DISCUSSION

In this study, we demonstrated that integrating short-term
changes in multiple risk markers resulted in a predicted RRR
of 16.2% for the kidney outcome which was of similar magnitude
to the RRR observed in the LEADER trial. These results suggest
that integrating short-term effects of liraglutide on multiple
cardiorenal risk markers adequately predicts its long-term
efficacy on the kidney outcome. The PRE score
underestimated the CV protective effect of liraglutide
suggesting that mechanistic pathways beyond those captured
by the risk markers included in the PRE score may explain the
CV protective effect of liraglutide.

FIGURE 2 | Predicted risk change for the composite kidney (doubling of serum creatinine or ESKD) and the composite cardiovascular (non-fatal myocardial
infarction, non-fatal stroke, or cardiovascular death) outcome in the total population based on single risk marker as well as the PRE score, using risk markers changes
from baseline to 6-months or first available follow up (N = 9,340). Bars indicate estimates of the mean change in relative risk for specific outcomes with 95% confidence
intervals, as compared to placebo. HbA1c, glycated hemoglobin; BP, blood pressure; UACR, urinary-albumin-creatinine-ratio; HDL, high-density-lipoprotein; LDL,
low-density-lipoprotein; PRE score, Parameter Response Efficacy score; ESKD, end stage kidney disease.
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GLP1-RA are originally developed as glucose-lowering agents
for the treatment of type 2 diabetes. GLP1-RA are approved by
regulatory agencies based on their HbA1c lowering efficacy
(Marso et al., 2016a; Mann et al., 2017). However, our
analyses and other studies have demonstrated that changes in
HbA1c do not completely account for the long-term protective

effects. In the AWARD-7 trial for example, dulaglutide compared
to insulin treatment resulted in similar effects on HbA1c but
reduced the rate of eGFR decline and the risk of ESKD in patients
with diabetic kidney disease (Tuttle et al., 2018). Furthermore, a
pooled analysis of exenatide studies demonstrated that exenatide
reduced albuminuria compared to other glucose lowering agents

FIGURE 3 | (A)Mean changes in risk markers from baseline to 6-months (or first follow-up) measurement in the subset of the LEADER Trial according to the FLOW
trial inclusion criteria (N = 327). Changes are presented as mean with 95% confidence intervals, for the placebo and liraglutide group. (B) Predicted risk change for the
primary composite kidney or cardiovascular death outcomes for the ongoing FLOW trial based on single risk marker changes as well as the PRE score. HbA1c, glycated
hemoglobin; BP, blood pressure; UACR, urinary-albumin-creatinine-ratio; HDL, high-density-lipoprotein; LDL, low-density-lipoprotein; PRE score, Parameter
Response Efficacy score.
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at equal glycemic control suggesting that potential renal benefits
are in part independent of glycemic effects (van der Aart-van der
Beek et al., 2020).

Which other mechanisms could explain the long-term
protective effects of GLP1-RA? The mechanisms underlying
the long-term protective effects of incretin-based therapies are
not completely understood but several possibilities exist. It is well
known that GLP1-RA decrease multiple CV risk markers. These
beneficial effects may explain long-term CV protective effects.
However, a mediation analysis from the LEADER trial
demonstrated that the CV protective effect of liraglutide was
only partly mediated by traditional risk markers suggesting, as in
the current analyses, that mechanistic pathways not captured by
routinely used clinical chemistry markers may be involved (Buse
et al., 2020). Indeed, mechanistic studies have shown that GLP1-
RA enhance sodium excretion by inhibition of the sodium-
hydrogen exchange 3 transporter (Skov et al., 2013; Muskiet
et al., 2016; Tonneijck et al., 2019). Increased sodium excretion

may lead to improved CV and kidney outcomes through a variety
of mechanistic pathways. Second, GLP1-RA improve endothelial
function which may be an underlying pathway of CV and renal
protection (Koska et al., 2010; Koska et al., 2015). Moreover,
reductions in inflammation and oxidative stress have been
observed with GLP-1RA in preclinical and clinical studies
thereby potentially reducing vascular tissue injury (Zhou et al.,
2014; Li et al., 2017; Helmstädter et al., 2020). Further study is
needed to determine whether incorporating biomarkers
representing these pathways improve the accuracy of the PRE-
score to predict CV protective GLP-1RA effects.

In our study, albuminuria reduction represented a strong
predictor of the long-term CV and kidney effect of liraglutide.
Earlier studies with angiotensin receptor blockers, endothelin
receptor antagonists, and sodium glucose co-transporter 2
inhibitors have shown that albuminuria reduction is strongly
associated with subsequent reductions in major kidney outcomes.
(Wang et al., 2018; Heerspink et al., 2019; McGuire et al., 2021).

FIGURE 4 | Simulated risk marker changes and the effect on the composite kidney or cardiovascular death outcomes for the ongoing FLOW trial based on the
selected LEADER trial population. The shaded area indicates the 95% confidence intervals for the simulated risk marker changes. Risk prediction was estimated from
short-term risk marker changes in the FLOW population (N = 327) chosen from the LEADER trial, and simulated values for UACR, systolic blood pressure, HbA1c, and
body weight. The red dot indicates the PRE score predicted risk change in the FLOW trial without enrichment with responders. The blue dots represent changes
observed in the different proportion of responders and non-responders for each riskmarker. HbA1c, glycated hemoglobin; UACR, urinary-albumin-to-creatinine ratio.
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There is strong and consistent evidence that GLP1-RA reduce
albuminuria. In the AWARD-7 trial, dulaglutide treatment
significantly reduced albuminuria in a dose-related manner,
with a larger effect observed among patients with elevated
baseline UACR (>300 mg/g). (Tuttle et al., 2018). In a post-
hoc analysis of the ELIXA trial, lixisenatide reduced albuminuria
with more pronounced effects in patients with micro- or
macroalbuminuria (Muskiet et al., 2018). Efpeglenatide also
reduced albuminuria by 21% in patients with type 2 diabetes
with a history of CV disease or current kidney disease (Gerstein
et al., 2021). Since early treatment effects on albuminuria are
associated with long-term drug effects on clinical outcomes, these
data support dedicated kidney outcome trials to assess the long-
term efficacy and safety of GLP1-RA.

The FLOW trial is the first dedicated trial to assess the effect of a
long-acting GLP1-RA for kidney or CV death protection among
type 2 diabetes patients with varying degree of kidney impairment
and albuminuria status (Novo Nordisk A/S, 2021). We estimated
using the observed biomarker changes that treatment withGLP1-RA
may lead to a primary endpoint reduction in the FLOW trial by
16.3%. We acknowledge that only 327 patients in the LEADER trial
fulfilled the inclusion criteria for the FLOW trial and therefore these
estimations should be interpreted with caution. In addition, we note
that these predictions are dependent upon the actual patients
enrolled in the FLOW trial and their actual risk marker changes.
Based on previous studies we expect that semaglutide reducesUACR
by 25–34% (for doses between 0.5 and 1mg/week) among type 2
diabetes patients (Marso et al., 2016b; Mann et al., 2020). In our
simulation analysis, assuming a 30% reduction in UACR compared
to the 13.2% reduction we observed in LEADER, we estimate that
semaglutide would reduce the risk of the primary composite
outcome of the FLOW trial by at least 20%. The final results of
the FLOW trial will provide a clearer answer whether the estimation
using the PRE score is accurate.

There are several limitations in our study. First, the effect of
liraglutide on the kidney and CV outcomes showed a wide confidence
interval which limited our ability to make direct comparisons of the
PRE score predicted effect with the observed treatment effect.
Additional kidney and CV outcome studies with GLP1-RA, such
as the FLOW and SOUL (NCT03914326) trials with semaglutide, are
therefore required tomore definitively confirm the validity of the PRE
score. Second, to keep the PRE score relatively easy to apply, it focused
on modifiable risk factors and does not account for changes in non-
modifiable risk factors (e.g., demographics), changes in medication
use, or complex interactions between risk factors. Third, not all
parameters were available in the 6-months and thus we have used
the baseline and first available follow-up measurement to account for
the drug-induced risk marker changes, with additional analyses
conducted with the complete cases and risk markers measured at
baseline and 24-months. Fourth, the primary endpoint for the FLOW
trial is based on a relatively small subgroup as we note that the
majority of the participants in the LEADER trial had only mild-to
moderate chronic kidney disease. The analysis is thus exploratory and
post-hoc in nature and therefore can only be considered hypothesis
generating. Finally, the background population consisted of patients
with different characteristics than those enrolled in the LEADER trial.

However, we have previously shown that this does not impact the
predictive performance of the PRE score (Idzerda et al., 2021).

In conclusion, integrating multiple short-term GLP1-RA
induced drug effects in an algorithm (PRE score) led to a
prediction of the effect of liraglutide on major kidney
outcomes which was similar as the observed drug effect in
the LEADER trial. However, the PRE score underestimated
the effect of liraglutide on CV outcomes. Additional research
is warranted to determine if adding novel biomarkers to the PRE
score would improve prediction of the CV protective effects of
GLP1-RA.

DATA AVAILABILITY STATEMENT

Request to access datasets and syntaxes for this study can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by an ethics committee at each participating site. All
trials included in this study were conducted according to the
principles of the Declaration of Helsinki and were registered in
clinicaltrials.gov (RENAAL: NCT00308347, IDNT: NCT00317915,
ALTITUDE: NCT00549757, LEADER: NCT01179048). The patients/
participants provided their written informed consent to participate in
the trail.

AUTHOR CONTRIBUTIONS

HH and ST made contributions to the conception and design of
the study. ST performed all the analyses in this study and wrote
the first draft of the manuscript. SdV, JM, MS, OM, and PD
contributed to the discussion and reviewed/edited the
manuscript.

FUNDING

This study was conducted in the context of the BEAt-DKD,
DC-ren (Grant No. 848011, 2020) and PROMINENT projects.
The BEAt-DKD project has received funding from the
Innovative Medicines Initiative (IMI) 2 Joint Undertaking
under grant agreement 115974. This joint undertaking
receives support from the European Union’s Horizon 2020
research and innovation programme and the European
Federation of Pharmaceutical Industries and Associations.
The PROMINENT project has received funding from the
European Union’s Horizon 2020 research and innovation
programme under the Marie Skłodowska-Curie grant
agreement No. 754425. HH is supported by Vidi grant from
the Netherlands Organisation for Scientific Research
(917.15.306).

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 7867678

Tye et al. Prediction of Liraglutide Treatment Effects

http://clinicaltrials.gov
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


ACKNOWLEDGMENTS

The authors thank all investigators, study teams,
participants of the LEADER trial, and data support from
Novo Nordisk.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.786767/
full#supplementary-material

REFERENCES

Buse, J. B., Bain, S. C., Mann, J. F. E., Nauck, M. A., Nissen, S. E., Pocock, S., et al.
(2020). Cardiovascular Risk Reduction with Liraglutide: An Exploratory
Mediation Analysis of the LEADER Trial. Diabetes Care 43, 1546–1552.
doi:10.2337/dc19-2251

Drucker, D. J. (2018). Mechanisms of Action and Therapeutic Application of
Glucagon-like Peptide-1. Cell Metab 27, 740–756. doi:10.1016/j.cmet.2018.
03.001

Gerstein, H. C., Sattar, N., Rosenstock, J., Ramasundarahettige, C., Pratley, R.,
Lopes, R. D., et al. (2021). Cardiovascular and Renal Outcomes with
Efpeglenatide in Type 2 Diabetes. N. Engl. J. Med. 385, 896–907. doi:10.
1056/NEJMoa2108269

Heerspink, H. J. L., Parving, H. H., Andress, D. L., Bakris, G., Correa-Rotter, R.,
Hou, F. F., et al. (2019). Atrasentan and Renal Events in Patients with Type 2
Diabetes and Chronic Kidney Disease (SONAR): a Double-Blind, Randomised,
Placebo-Controlled Trial. Lancet 393, 1937–1947. doi:10.1016/S0140-6736(19)
30772-X

Helmstädter, J., Frenis, K., Filippou, K., Grill, A., Dib, M., Kalinovic, S., et al. (2020).
Endothelial GLP-1 (Glucagon-like Peptide-1) Receptor Mediates
Cardiovascular Protection by Liraglutide in Mice with Experimental Arterial
Hypertension. Arterioscler Thromb. Vasc. Biol. 40, 145–158. doi:10.1161/atv.
0000615456.97862.30

Idzerda, N. M. A., Stefansson, B. V., Pena, M. J., Sjostrom, D. C., Wheeler, D.
C., and Heerspink, H. J. L. (2020). Prediction of the Effect of
Dapagliflozin on Kidney and Heart Failure Outcomes Based on Short-
Term Changes in Multiple Risk Markers. Nephrol. Dial. Transpl. 35,
1570–1576. doi:10.1093/ndt/gfz064

Idzerda, N. M. A., Tye, S. C., de Zeeuw, D., and Heerspink, H. J. L. (2021). A Novel
Drug Response Score More Accurately Predicts Renoprotective Drug Effects
Than Existing Renal Risk Scores. Ther. Adv. Endocrinol. Metab. 12,
2042018820974191. doi:10.1177/2042018820974191

Kawanami, D., and Takashi, Y. (2020). GLP-1 Receptor Agonists in Diabetic
Kidney Disease: From Clinical Outcomes toMechanisms. Front. Pharmacol. 11,
967. doi:10.3389/fphar.2020.00967

Koska, J., Sands, M., Burciu, C., D’Souza, K. M., Raravikar, K., Liu, J., et al. (2015).
Exenatide Protects against Glucose- and Lipid-Induced Endothelial
Dysfunction: Evidence for Direct Vasodilation Effect of GLP-1 Receptor
Agonists in Humans. Diabetes 64, 2624–2635. doi:10.2337/db14-0976

Koska, J., Schwartz, E. A., Mullin, M. P., Schwenke, D. C., and Reaven, P. D. (2010).
Improvement of Postprandial Endothelial Function after a Single Dose of
Exenatide in Individuals with Impaired Glucose Tolerance and Recent-Onset
Type 2 Diabetes. Diabetes Care 33, 1028–1030. doi:10.2337/dc09-1961

Kristensen, S. L., Rørth, R., Jhund, P. S., Docherty, K. F., Sattar, N., Preiss, D., et al.
(2019). Cardiovascular, Mortality, and Kidney Outcomes with GLP-1 Receptor
Agonists in Patients with Type 2 Diabetes: a Systematic Review and Meta-
Analysis of Cardiovascular Outcome Trials. Lancet Diabetes Endocrinol. 7,
776–785. doi:10.1016/S2213-8587(19)30249-9

Levey, A. S., Stevens, L. A., Schmid, C. H., Zhang, Y. L., Castro, A. F., 3rd, Feldman,
H. I., et al. (2009). A New Equation to Estimate Glomerular Filtration Rate.
Ann. Intern. Med. 150, 604–612. doi:10.7326/0003-4819-150-9-200905050-
00006

Lewis, E. J., Hunsicker, L. G., Clarke, W. R., Berl, T., Pohl, M. A., Lewis, J. B., et al.
(2001). Renoprotective Effect of the Angiotensin-Receptor Antagonist
Irbesartan in Patients with Nephropathy Due to Type 2 Diabetes. N. Engl.
J. Med. 345, 851–860. doi:10.1056/NEJMoa011303

Li, Q., Lin, Y., Wang, S., Zhang, L., and Guo, L. (2017). GLP-1 Inhibits High-
Glucose-Induced Oxidative Injury of Vascular Endothelial Cells. Sci. Rep. 7,
8008. doi:10.1038/s41598-017-06712-z

Mann, J. F. E., Buse, J. B., Idorn, T., Leiter, L. A., Pratley, R. E., Rasmussen, S., et al.
(2021). Potential Kidney protection with Liraglutide and Semaglutide:
Exploratory Mediation Analysis. Diabetes Obes. Metab. 23, 2058–2066.
doi:10.1111/dom.14443

Mann, J. F. E., Hansen, T., Idorn, T., Leiter, L. A., Marso, S. P., Rossing, P., et al.
(2020). Effects of Once-Weekly Subcutaneous Semaglutide on Kidney Function
and Safety in Patients with Type 2 Diabetes: a post-hoc Analysis of the
SUSTAIN 1-7 Randomised Controlled Trials. Lancet Diabetes Endocrinol. 8,
880–893. doi:10.1016/S2213-8587(20)30313-2

Mann, J. F. E., Ørsted, D. D., Brown-Frandsen, K., Marso, S. P., Poulter, N. R.,
Rasmussen, S., et al. (2017). Liraglutide and Renal Outcomes in Type 2
Diabetes. N. Engl. J. Med. 377, 839–848. doi:10.1056/NEJMoa1616011

Marso, S. P., Bain, S. C., Consoli, A., Eliaschewitz, F. G., Jódar, E., Leiter, L. A., et al.
(2016). Semaglutide and Cardiovascular Outcomes in Patients with Type 2
Diabetes. N. Engl. J. Med. 375, 1834–1844. doi:10.1056/NEJMoa1607141

Marso, S. P., Daniels, G. H., Brown-Frandsen, K., Kristensen, P., Mann, J. F.,
Nauck, M. A., et al. (2016). Liraglutide and Cardiovascular Outcomes in Type 2
Diabetes. N. Engl. J. Med. 375, 311–322. doi:10.1056/NEJMoa1603827

McGuire, D. K., Shih, W. J., Cosentino, F., Charbonnel, B., Cherney, D. Z. I.,
Dagogo-Jack, S., et al. (2021). Association of SGLT2 Inhibitors with
Cardiovascular and Kidney Outcomes in Patients with Type 2 Diabetes: A
Meta-Analysis. JAMA Cardiol. 6, 148–158. doi:10.1001/jamacardio.2020.
4511

Muskiet, M. H., Tonneijck, L., Smits, M. M., Kramer, M. H., Diamant, M., Joles,
J. A., et al. (2016). Acute Renal Haemodynamic Effects of Glucagon-like
Peptide-1 Receptor Agonist Exenatide in Healthy Overweight Men. Diabetes
Obes. Metab. 18, 178–185. doi:10.1111/dom.12601

Muskiet, M. H. A., Tonneijck, L., Huang, Y., Liu, M., Saremi, A., Heerspink, H. J. L.,
et al. (2018). Lixisenatide and Renal Outcomes in Patients with Type 2 Diabetes
and Acute Coronary Syndrome: an Exploratory Analysis of the ELIXA
Randomised, Placebo-Controlled Trial. Lancet Diabetes Endocrinol. 6,
859–869. doi:10.1016/S2213-8587(18)30268-7

Muskiet, M. H. A., Tonneijck, L., Smits, M.M., van Baar, M. J. B., Kramer, M. H. H.,
Hoorn, E. J., et al. (2017). GLP-1 and the Kidney: from Physiology to
Pharmacology and Outcomes in Diabetes. Nat. Rev. Nephrol. 13, 605–628.
doi:10.1038/nrneph.2017.123

Nauck, M. A., Quast, D. R., Wefers, J., and Meier, J. J. (2021). GLP-1 Receptor
Agonists in the Treatment of Type 2 Diabetes - State-Of-The-Art. Mol. Metab.
46, 101102. doi:10.1016/j.molmet.2020.101102

Novo Nordisk A/S (2021). A Research Study to See How Semaglutide Works
Compared to Placebo in People with Type 2 Diabetes and Chronic Kidney
Disease (FLOW). Available at: https://clinicaltrials.gov/ct2/show/
NCT03819153. (Accessed September 5 2021).

Parving, H. H., Brenner, B. M., McMurray, J. J., de Zeeuw, D., Haffner, S. M.,
Solomon, S. D., et al. (2012). Cardiorenal End Points in a Trial of Aliskiren for
Type 2 Diabetes.N. Engl. J. Med. 367, 2204–2213. doi:10.1056/NEJMoa1208799

Ruggenenti, P., Perna, A., Mosconi, L., Matalone, M., Pisoni, R., Gaspari, F., et al.
(1997). Proteinuria predicts end-stage renal failure in non-diabetic chronic
nephropathies. The "Gruppo Italiano di Studi Epidemiologici in Nefrologia"
(GISEN). Kidney Int. Suppl. 63, S54–S57.

Schievink, B., de Zeeuw, D., Parving, H. H., Rossing, P., and Lambers Heerspink, H.
J. (2015). The Renal Protective Effect of Angiotensin Receptor Blockers
Depends on Intra-individual Response Variation in Multiple Risk Markers.
Br. J. Clin. Pharmacol. 80, 678–686. doi:10.1111/bcp.12655

Schievink, B., de Zeeuw, D., Smink, P. A., Andress, D., Brennan, J. J., Coll, B., et al.
(2016). Prediction of the Effect of Atrasentan on Renal and Heart Failure
Outcomes Based on Short-Term Changes in Multiple Risk Markers. Eur.
J. Prev. Cardiol. 23, 758–768. doi:10.1177/2047487315598709

Skov, J., Dejgaard, A., Frøkiær, J., Holst, J. J., Jonassen, T., Rittig, S., et al. (2013).
Glucagon-like Peptide-1 (GLP-1): Effect on Kidney Hemodynamics and Renin-

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 7867679

Tye et al. Prediction of Liraglutide Treatment Effects

https://www.frontiersin.org/articles/10.3389/fphar.2022.786767/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.786767/full#supplementary-material
https://doi.org/10.2337/dc19-2251
https://doi.org/10.1016/j.cmet.2018.03.001
https://doi.org/10.1016/j.cmet.2018.03.001
https://doi.org/10.1056/NEJMoa2108269
https://doi.org/10.1056/NEJMoa2108269
https://doi.org/10.1016/S0140-6736(19)30772-X
https://doi.org/10.1016/S0140-6736(19)30772-X
https://doi.org/10.1161/atv.0000615456.97862.30
https://doi.org/10.1161/atv.0000615456.97862.30
https://doi.org/10.1093/ndt/gfz064
https://doi.org/10.1177/2042018820974191
https://doi.org/10.3389/fphar.2020.00967
https://doi.org/10.2337/db14-0976
https://doi.org/10.2337/dc09-1961
https://doi.org/10.1016/S2213-8587(19)30249-9
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.1056/NEJMoa011303
https://doi.org/10.1038/s41598-017-06712-z
https://doi.org/10.1111/dom.14443
https://doi.org/10.1016/S2213-8587(20)30313-2
https://doi.org/10.1056/NEJMoa1616011
https://doi.org/10.1056/NEJMoa1607141
https://doi.org/10.1056/NEJMoa1603827
https://doi.org/10.1001/jamacardio.2020.4511
https://doi.org/10.1001/jamacardio.2020.4511
https://doi.org/10.1111/dom.12601
https://doi.org/10.1016/S2213-8587(18)30268-7
https://doi.org/10.1038/nrneph.2017.123
https://doi.org/10.1016/j.molmet.2020.101102
https://clinicaltrials.gov/ct2/show/NCT03819153
https://clinicaltrials.gov/ct2/show/NCT03819153
https://doi.org/10.1056/NEJMoa1208799
https://doi.org/10.1111/bcp.12655
https://doi.org/10.1177/2047487315598709
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Angiotensin-Aldosterone System in Healthy Men. J. Clin. Endocrinol. Metab.
98, E664–E671. doi:10.1210/jc.2012-3855

Smink, P. A., Hoekman, J., Grobbee, D. E., Eijkemans, M. J., Parving, H. H.,
Persson, F., et al. (2014). A Prediction of the Renal and Cardiovascular Efficacy
of Aliskiren in ALTITUDE Using Short-Term Changes in Multiple Risk
Markers. Eur. J. Prev. Cardiol. 21, 434–441. doi:10.1177/2047487313481754

Smink, P. A., Miao, Y., Eijkemans, M. J., Bakker, S. J., Raz, I., Parving, H. H., et al.
(2014). The Importance of Short-Term Off-Target Effects in Estimating the
Long-Term Renal and Cardiovascular Protection of Angiotensin Receptor
Blockers. Clin. Pharmacol. Ther. 95, 208–215. doi:10.1038/clpt.2013.191

Sposito, A. C., Berwanger, O., de Carvalho, L. S. F., and Saraiva, J. F. K. (2018).
GLP-1RAs in Type 2 Diabetes: Mechanisms that Underlie Cardiovascular
Effects and Overview of Cardiovascular Outcome Data. Cardiovasc.
Diabetol. 17, 157. doi:10.1186/s12933-018-0800-2

Tonneijck, L., Muskiet, M. H. A., Blijdorp, C. J., Smits, M. M., Twisk, J. W., Kramer,
M. H. H., et al. (2019). Renal Tubular Effects of Prolonged Therapy with the
GLP-1 Receptor Agonist Lixisenatide in Patients with Type 2 Diabetes Mellitus.
Am. J. Physiol. Ren. Physiol 316, F231–F240. doi:10.1152/ajprenal.00432.2018

Tuttle, K. R., Lakshmanan, M. C., Rayner, B., Busch, R. S., Zimmermann, A. G.,
Woodward, D. B., et al. (2018). Dulaglutide versus Insulin Glargine in Patients
with Type 2 Diabetes and Moderate-To-Severe Chronic Kidney Disease
(AWARD-7): a Multicentre, Open-Label, Randomised Trial. Lancet Diabetes
Endocrinol. 6, 605–617. doi:10.1016/S2213-8587(18)30104-9

Tuttle, K. R., Brosius, F. C., 3rd, Cavender, M. A., Fioretto, P., Fowler, K. J.,
Heerspink, H. J. L., et al. (2021). SGLT2 Inhibition for CKD and Cardiovascular
Disease in Type 2 Diabetes: Report of a Scientific Workshop Sponsored by the
National Kidney Foundation. Diabetes 70, 1–16. doi:10.2337/dbi20-0040

Tye, S. C., de Vries, S. T., Wanner, C., Denig, P., and Heerspink, H. J. L. (2021).
Prediction of the Effects of Empagliflozin on Cardiovascular and Kidney
Outcomes Based on Short-Term Changes in Multiple Risk Markers. Front.
Pharmacol. 12, 786706. doi:10.3389/fphar.2021.786706

van der Aart-van der Beek, A. B., Clegg, L. E., Penland, R. C., Boulton, D. W., Sjöström, C.
D.,Mentz, R. J., et al. (2020). Effect ofOnce-Weekly Exenatide onEstimatedGlomerular
Filtration Rate Slope Depends on Baseline Renal Risk: A Post Hoc Analysis of the
EXSCEL Trial. Diabetes Obes. Metab. 22, 2493–2498. doi:10.1111/dom.14175

van Ruiten, C. C., van der Aart-van der Beek, A. B., IJzerman, R. G., Nieuwdorp, M.,
Hoogenberg, K., van Raalte, D. H., et al. (2021). Effect of Exenatide Twice Daily and
Dapagliflozin, Alone and in Combination, on Markers of Kidney Function in Obese
Patients with Type 2 Diabetes: A Prespecified Secondary Analysis of a Randomized
Controlled Clinical Trial.Diabetes Obes. Metab. 23, 1851–1858. doi:10.1111/dom.14410

Wang, K., Hu, J., Luo, T., Wang, Y., Yang, S., Qing, H., et al. (2018). Effects
of Angiotensin-Converting Enzyme Inhibitors and Angiotensin II

Receptor Blockers on All-Cause Mortality and Renal Outcomes in
Patients with Diabetes and Albuminuria: a Systematic Review and
Meta-Analysis. Kidney Blood Press. Res. 43, 768–779. doi:10.1159/
000489913

White, I. R., Royston, P., and Wood, A. M. (2011). Multiple Imputation Using
Chained Equations: Issues and Guidance for Practice. Stat. Med. 30, 377–399.
doi:10.1002/sim.4067

Zhou, S. J., Bai, L., Lv, L., Chen, R., Li, C. J., Liu, X. Y., et al. (2014). Liraglutide
Ameliorates Renal Injury in Streptozotocininduced Diabetic Rats by Activating
Endothelial Nitric Oxide Synthase Activity via the Downregulation of the
Nuclear factor κB Pathway. Mol. Med. Rep. 10, 2587–2594. doi:10.3892/mmr.
2014.2555

Conflict of Interest: JFEM has received consulting fees from Novo Nordisk,
AstraZeneca, Amgen, Braun, ACI, Fresenius, Celgene, Gambro, Abbvie, Roche,
Sandoz, Lanthio, Sanifit, Relypsam, and ZS Pharma; and grants from the European
Union, McMaster University Canada. OM declares advisory board membership
from AstraZeneca, Novo Nordisk, Eli Lilly, Sanofi, Merck Sharp and Dohme,
Boehringer Ingelheim, BOL Pharma; Speakers bureau honorarium from
AstraZeneca, Novo Nordisk, Eli Lilly, Sanofi, Merck Sharp and Dohme and
Boehringer Ingelheim; and research grants from Novo Nordisk and
AstraZeneca. HJLH is a consultant for AbbVie, Astellas, AstraZeneca,
Boehringer Ingelheim, Fresenius, Gilead, Janssen, Merck, Mitsubishi Tanabe
and MundiPharma and has a policy that all honoraria are paid to his employer.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Tye, de Vries, Mann, Schechter, Mosenzon, Denig and Heerspink.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 78676710

Tye et al. Prediction of Liraglutide Treatment Effects

https://doi.org/10.1210/jc.2012-3855
https://doi.org/10.1177/2047487313481754
https://doi.org/10.1038/clpt.2013.191
https://doi.org/10.1186/s12933-018-0800-2
https://doi.org/10.1152/ajprenal.00432.2018
https://doi.org/10.1016/S2213-8587(18)30104-9
https://doi.org/10.2337/dbi20-0040
https://doi.org/10.3389/fphar.2021.786706
https://doi.org/10.1111/dom.14175
https://doi.org/10.1111/dom.14410
https://doi.org/10.1159/000489913
https://doi.org/10.1159/000489913
https://doi.org/10.1002/sim.4067
https://doi.org/10.3892/mmr.2014.2555
https://doi.org/10.3892/mmr.2014.2555
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Prediction of the Effects of Liraglutide on Kidney and Cardiovascular Outcomes Based on Short-Term Changes in Multiple Risk ...
	Introduction
	Materials and Methods
	Data Sources and Population
	Risk Markers Selection
	Outcome Definition
	Statistical Analysis

	Results
	Short-Term Changes in Risk Markers
	Observed and PRE Score Predicted Treatment Effect
	Prediction of the FLOW Trial Outcomes

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


