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ABSTRACT
Background The Systolic BP Intervention Trial (SPRINT) found that intensive versus standard systolic BP
control (targeting ,120 or ,140 mm Hg, respectively) reduced the risks of death and major cardiovascular
events in persons with elevated cardiovascular disease risk. However, the intensive intervention was
associated with an early decline in eGFR, and the clinical implications of this early decline are unclear.
Methods In a post hoc analysis of SPRINT, we deﬁned change in eGFR as the percentage change in eGFR at
6 months compared with baseline. We performed causal mediation analyses to separate the overall effects
of the randomized systolic BP intervention on the SPRINT primary cardiovascular composite and all-cause
mortality into indirect effects (mediated by percentage change in eGFR) and direct effects (mediated
through pathways other than percentage change in eGFR).
Results About 10.3% of the 4270 participants in the intensive group had a $20% eGFR decline versus 4.4%
of the 4256 participants in the standard arm (P,0.001). After the 6-month visit, there were 591 cardiovascular composite events during 27,849 person-years of follow-up. The hazard ratios for total effect,
direct effect, and indirect effect of the intervention on the cardiovascular composite were 0.67 (95%
conﬁdence interval [95% CI], 0.56 to 0.78), 0.68 (95% CI, 0.57 to 0.79), and 0.99 (95% CI, 0.95 to 1.03),
respectively. All-cause mortality results were similar.
Conclusions Although intensive systolic BP lowering resulted in greater early decline in eGFR, there was no
evidence that the reduction in eGFR owing to intensive systolic BP lowering attenuated the beneﬁcial
effects of this intervention on cardiovascular events or all-cause mortality.
JASN 30: 1523–1533, 2019. doi: https://doi.org/10.1681/ASN.2018121261

Hypertension is strongly associated with stroke,
heart failure, sudden death, ESRD, and death
from all causes.1–4 Recently, the Systolic BP Intervention Trial (SPRINT) demonstrated that intensive
systolic BP (SBP) lowering (SBP target ,120 mm Hg
versus ,140 mm Hg) reduced the risks of death and
major cardiovascular events in persons with elevated
cardiovascular disease (CVD) risk.5,6 However, compared with the standard SBP arm participants, intensive SBP arm participants had a relative mean decline
in eGFR of 23.3160.30 ml/min per 1.73 m2 by 6
months,7 and, a 3.5-fold higher relative risk of incident CKD among participants without CKD at
JASN 30: 1523–1533, 2019

baseline.5 Similarly, an early decline in eGFR with
intensive SBP lowering in SPRINT participants with
CKD at baseline was also noted.8
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Whether the increased incidence of CKD with intensive
SBP lowering reﬂected a hemodynamic effect or resulted
from intrinsic kidney injury is controversial. However, the
relationship of lower eGFR with increased risks of mortality
and CVD events9,10 raises the question of whether reductions in eGFR that result from intensive SBP lowering
worsen an individual’s health status. Previous studies have
investigated the association between early eGFR decline
with BP lowering and clinical outcomes. 11–16 However,
this association reﬂects the consequences of all of the variations in the early change in eGFR, some of which reﬂects
variation due to the randomized SBP intervention and some
of which reﬂects other factors, including natural variation
in eGFR, measurement error, and disease progression that
would have occurred even in the absence of the intensive
SBP inter vention. To address these limitations, we
conducted a causal mediation analysis17–19 to examine the
extent to which early eGFR decline that was speciﬁcally due
to the intensive BP intervention attenuated the overall beneﬁcial effects of the intensive SBP intervention on CVD
events and all-cause mortality.

METHODS

SPRINT was a randomized, controlled, open-label trial of
9361 participants 6 sponsored by the National Institutes
of Health to compare the effects of intensive (SBP target
,120 mm Hg) versus standard (SBP target ,140 mm Hg)
BP control on cardiovascular outcomes in participants aged
50 years or older with baseline SBP of 130–180 mm Hg and
an increased risk of CVD. Details of the SPRINT protocol
including details of inclusion and exclusion criteria, intervention, measurements, and follow-up have been published.20,21 The current analysis is limited to participants
with data available to calculate the change in eGFR
(ΔeGFR) between the baseline and the 6-month visit. Participants who had a CVD composite end point during the
ﬁrst 6 months of follow-up were excluded from our primary
analyses (Supplemental Figure 1).
Serum specimens were obtained at each monthly visit for
the ﬁrst 3 months, then at sixth months and every 6 months
thereafter, for measurement of creatinine at the SPRINT
central laboratory located at the University of Minnesota
an enzymatic assay (Roche, Indianapolis, IN) standardized
with calibration traceable to an isotope dilution mass spectrometry reference measurement procedure. The SPRINT
protocol prespeciﬁed the four-variable Modiﬁcation of Diet
Renal Disease (MDRD) equation to estimate GFR.22 In an
earlier report, we observed that the effects of intensive SBP
lowering on incident CKD deﬁned either with the MDRD
equation or the CKD Epidemiology Collaboration equation were similar.7 Hence, we used MDRD eGFR in the current analysis to deﬁne ΔeGFR as 6-month eGFR minus the
baseline eGFR, expressed in ml/min per 1.73 m2, and ΔeGFR
1524
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Signiﬁcance Statement
In the Systolic BP Intervention Trial (SPRINT), intensive targeting of
systolic BP (goal ,120 mm Hg) versus standard targeting (goal of
,140 mm Hg) signiﬁcantly reduced risks of cardiovascular events
and all-cause mortality. However, the intensive intervention also
resulted in greater early reduction of eGFR in the ﬁrst 6 months,
raising the question of whether reductions in eGFR resulting from
intensive BP control worsen an individual’s health status. In causal
mediation analyses of SPRINT data, the authors found no evidence
that this early eGFR decline either mediated or modiﬁed the beneﬁcial effects of intensive systolic BP lowering on cardiovascular
events or all-cause mortality. However, longer-term follow-up
studies with causal modeling are needed to better understand the
downstream effects of the early reduction in eGFR that results from
intensive systolic BP lowering.

% as the percent change in eGFR over the same 6-month
period.
SPRINT Outcomes

Deﬁnitions of SPRINT outcomes are provided in the SPRINT
protocol.20,21 A committee blinded to the study group assignments adjudicated the primary outcomes speciﬁed in the protocol.20,21 The primary outcome in SPRINT was a composite
of nonfatal myocardial infarction, acute coronary syndrome
not resulting in myocardial infarction, stroke, acute decompensated heart failure, or death from CVD causes. Death from
any cause was a predeﬁned secondary outcome. The main
secondary kidney outcome was a composite of a $50% decrease in eGFR or development of ESRD in participants with
baseline CKD (eGFR,60 ml/min per 1.73 m2). As there were
very few kidney events (16 events per 4675 years in the intensive group and 12 events per 4536 years in the standard SBP
group), the kidney composite outcome was not included in the
current analysis.
Statistical Methods

To understand the implications of the acute effect of the intensive SBP control on early eGFR change for subsequent outcome, it is important to distinguish between the observed
changes in eGFR that occur after initiating the SBP interventions and the effect of the SBP interventions on those changes.
Figure 1 illustrates this distinction for four hypothetical patients. The actual observed changes in eGFR from baseline to
6 months, which reﬂect the effects of the treatment and numerous other factors, are depicted by the DeGFR% values
enclosed in large open circles, two assigned to intensive SBP
control (participants 2 and 3) and two to standard SBP control
(participants 1 and 4). To represent the effect of the treatment on eGFR change, we must also consider the unobserved
counterfactual changes that would have occurred on the intervention the participant did not receive; these changes are
represented by the DeGFR% values not enclosed by open circles. The acute effect of the treatment on eGFR change is deﬁned by the vertical arrows extending from the change in
eGFR on standard SBP control to the change in eGFR on
JASN 30: 1523–1533, 2019
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1. The total effect of the intensive intervention on long-term
outcome (either CVD or mortality), expressed as a hazard
ratio comparing the intensive and standard interventions.
The total effect is decomposed into the following two
components.
2. The indirect effect, measuring the portion of total effect
mediated through a pathway that extends through DeGFR
%. In terms of Figure 1, the indirect effect represents
the effect on the long-term outcome of changing DeGFR%
from its value under standard SPB control (given by the
beginnings of the vertical arrows) to its value under intensive SBP control (given by the ends of the vertical
arrows).
3. The direct effect, measuring the portion of total effect
occurring through other pathways that do not include early
change in eGFR.
Both the indirect and direct effects are expressed as hazard
ratios, and provide the approximate decomposition: total
effect hazard ratio=indirect effect hazard ratio3direct effect
hazard ratio (Figure 2). In addition to the overall direct effect, which is averaged across the study population, we also
estimate the controlled direct effects given by hazard ratios
comparing the long-term outcome between intensive and
standard SBP control when DeGFR% is held ﬁxed at speciﬁc
values. Evaluating the controlled direct effect across a grid of
speciﬁc values for DeGFR% that extends throughout the
observed DeGFR% range allows us to assess if the direct
effect of the SBP intervention differs between patients with
greater versus lesser early eGFR decline. A more precise
JASN 30: 1523–1533, 2019

Distinction Between the Observed Change
in eGFR and the Acute Effect of the Treatment

ΔeGFR% (ml/min/1.73m2)

intensive SBP control. Note that both the magnitude and the
direction of the acute effect may differ from the observed
eGFR change; for example, the observed eGFR for participant
3 declined under intensive SBP control, but the acute effect of
intensive SPB control increased the eGFR compared with standard SBP control.
The acute effects of the intensive SBP intervention on
eGFR change are unobservable for each individual because
we are able to observe the eGFR change under one of the
intensive or standard interventions, but not both. This constraint, which is particular case of the fundamental limitation
of causal inference, highlights the challenge of evaluating the
clinical implications of the acute effect. However, the framework of causal mediation analysis can be used to connect
relationships involving the observed DeGFR% values to relationships involving the unobserved effects of the intensive
SBP intervention on DeGFR%, and articulate speciﬁc assumptions under which the implications of the acute effect
for longer-term outcomes can be estimated. Accordingly, we
apply mediation analysis to estimate three types of effects of
the intensive SBP intervention relative to the standard SBP
intervention:
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ΔeGFR% with
Intensive SBP Control
ΔeGFR% with
Standard SBP Control

0

Patient Number

Figure 1. Distinction between the observed change in eGFR and
the acute effect of the treatment. Shown are percent changes in
eGFR from baseline to 6 months under the standard SBP
intervention (open squares) and under the intensive SBP intervention (solid squares) for four hypothetical participants. The
difference in these changes between the intensive and standard
SBP interventions (represented by the vertical arrows) deﬁne the
acute effects of the treatment for these four patients. We actually
observe the change in eGFR for only one of the two interventions, depending on each patient’s randomly assigned treatment
(depicted by the large open circles). We cannot observe the
acute effect in any individual participant, but instead can observe
the percent change in eGFR only under the participants’ assigned
interventions. The direction and magnitude of the acute effects
may deviate from the direction and magnitude of the observed
percent changes in eGFR. The indirect effect of the treatment
which is mediated by change in eGFR is the difference in the
outcome that results if the acute change in eGFR is modiﬁed by
the amounts indicated by the vertical arrows.

description of the direct and indirect effects is given in Supplemental Appendix 1.
The mediation analyses are on the basis of two regression
models: (1) a multiple linear regression relating DeGFR% to
the randomized intervention group and ten baseline covariates selected using subject matter knowledge (baseline age,
sex, race, smoking status, SBP, diastolic BP, history of CVD,
Framingham 10-year CVD risk score, eGFR, and urine albumin-to-creatinine ratio); and (2) Cox proportional hazard
regressions relating the outcome (either the CVD composite
or all-cause mortality) to randomized group, DeGFR%, the
interaction between randomized group and DeGFR%, and
the same baseline covariates as the ﬁrst model. Including
the interaction term provides a joint evaluation of whether
DeGFR% mediates and/or moderates the effect of the SBP
intervention on the outcomes. Before the ﬁnal mediation
analyses, we used Cox regressions to relate the CVD composite and all-cause mortality outcomes to a cubic spline in
DeGFR% with knot points at each DeGFR% quintile, as
well as the randomized SBP group, the interaction between
Early eGFR Decline in SPRINT
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Indirect effect (A × B)
ΔeGFR
A

SBP Intervention

B

Direct effect

CVD Composite or
All-Cause Mortality

C

Figure 2. Mediation of effect of the SBP interventions on the
CVD composite or mortality by early eGFR decline (ΔeGFR).
The overall (or total) effect of the SBP intervention on the CVD
composite or all-cause mortality may be decomposed into the
indirect effect (A and B) mediated by ΔeGFR and the direct effect
(C), which represents the effect of the intervention through
pathways unrelated to ΔeGFR. The effect of ΔeGFR on the CVD
composite or all-cause mortality (B) reﬂects the consequences of
variation in ΔeGFR resulting from the SBP intervention as well as
other factors, including natural variation in eGFR, measurement
error, and disease progression that would have occurred in the
absence of the intervention. The indirect effect (A3B) represents
the consequences of the acute effect of the SBP intervention on
ΔeGFR for the CVD composite or all-cause mortality. Although
the total effect of the SBP intervention can be estimated using
intent-to-treat analysis under the randomized design, estimation
of the indirect and direct effects requires control of confounding
factors that jointly inﬂuence ΔeGFR and the CVD composite or
all-cause mortality.

SBP group and the cubic spline in DeGFR%, and the ten
baseline covariates. Given no evidence of nonlinear effects
of DeGFR%, our ﬁnal mediation analyses assumed linear effects of DeGFR%. We used bootstrap resampling with 500
bootstrap samples to compute conﬁdence intervals and P
values.
Under the randomized design, the causal interpretation of the direct and indirect effects depends primarily on
two key assumptions: (1) the baseline covariates included
in the regression models must control for all confounding
between DeGFR% and the long-term clinical outcomes,
and (2) The effect of changing DeGFR% on the long-term
clinical outcomes must be the same irrespective of whether
the changes are caused by the SBP intervention or other
causes.
We will return to the second assumption in the Discussion
and in Supplemental Appendix 1. To address the ﬁrst assumption, our primary analyses included the above
ten baseline covariates selected using subject matter knowledge. In sensitivity analyses, the mediation analyses were
repeated with expanded sets of covariates (Supplemental
Table 1) obtained by applying forward stepwise variable selection to 58 additional baseline factors with the ten covariates from the primary analyses forced in the model. The
forward stepwise regression led to selection of 22 additional covariates for the CVD composite outcome and 16
additional covariates for the mortality outcome. Finally,
1526
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we performed an additional sensitivity analysis in which
the methods described by Vanderweele19,23 were applied to
assess the robustness of our conclusions to the possibility of
an uncontrolled binary confounder whose occurrence leads
both to greater risk of adverse clinical outcomes and to
greater initial eGFR decline. Sensitivity analyses are also presented, in which CVD composite events in the ﬁrst 6 months
were retained.

RESULTS

Of the 9361 SPRINT participants, 8526 (standard arm
n=4256 and intensive arm n=4270) with data on early
eGFR decline were included in the current analysis (Supplemental Figure 1). Clinical characteristics are summarized
by ΔeGFR% groups in Table 1 and intervention groups in
Supplemental Table 2. Those with larger percentage declines
in eGFR had higher baseline eGFR, SBP, diastolic BP (DBP),
change in SBP (6 months minus baseline), change in DBP
(6 months minus baseline), Framingham risk score, and
urine albumin-to-creatinine ratio. Conversely, the two
groups with the greatest 6-month increase in eGFR had a
higher baseline prevalence of CKD.
Effect of the Randomized SBP Intervention on Early
Change in eGFR

The median (25th and 75th percentiles) of ΔeGFR and ΔeGFR
% in the intensive SBP arm were 20.7 (27.2, 5.7) ml/min per
1.73 m2 and 21.2% (210.3%, 8.5%), respectively (Figure 3).
Corresponding values in the standard SBP arm were 2.3 (23.6,
8.3) ml/min per 1.73 m2 and 3.3% (25.1%, 12.6%), respectively. A $10% decline in eGFR occurred in 25.6% in the intensive arm and 14.9% in the standard arm (P,0.001)
and a $20% decline occurred in 10.3% in the intensive arm
and 4.4% in the standard arm (P,0.001). After adjustment for
the ten baseline covariates, the adjusted mean ΔeGFR% was
5.07% (95% conﬁdence interval [95% CI], 4.41% to 5.73%)
lower in the intensive SBP group than the standard SBP group,
which corresponded to an effect size (deﬁned as the ratio of
the estimated mean difference to the SD of ΔeGFR%) of 0.31.
The squared correlation (R2) between ΔeGFR% and the randomized group was 0.023 indicating that randomization to the
intensive group explained 2.3% of the variance in 6-month
change in eGFR.
Association between ΔeGFR% and the CVD Composite
and Mortality

There were 591 primary CVD composite events over 27,849
years of follow-up and 382 all-cause deaths over 28,733 years of
follow-up after (n=8526). Figure 4 displays the relationship
between ΔeGFR% and the hazards for subsequent CVD composite and all-cause mortality events after adjustment for the
ten baseline covariates within each randomized SBP group
under a cubic spline model. Tests for the presence of nonlinear
JASN 30: 1523–1533, 2019
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Table 1. Clinical characteristics by early eGFR decline groups (n=8526)
<2 20%

220% to <210%

210% to <10%

10% to <20%

‡20%

P Value

n=623 (7.3%)
228.368.3
221.1610.4
74625

n=1103 (13.0%)
214.362.8
210.763.9
75622

n=4547 (53.3%)
0.165.5
0.064.1
73619

n=1393 (16.3%)
14.562.9
10.063.4
69619

n=860 (10.1%)
30.7612.8
18.967.8
63618

,0.001

68.469.7
35
34
42
70
146617
79613
224620
212612
30
20
25 (17–36)
14 (7–42)

67.869.4
33
32
44
60
143615
79612
218618
29611
26
20
24 (17–34)
11 (6–26)

67.869.3
33
31
44
49
139615
78612
211618
26611
25
20
22 (15–32)
9 (6–20)

68.069.2
37
28
45
42
137615
77611
26618
24610
31
18
21 (15–30)
8 (5–17)

67.169.3
42
32
44
41
135615
76612
23620
22612
43
19
20 (14–28)
9 (5–18)

0.095
,0.001
0.025
0.60
,0.001
,0.001
,0.001
,0.001
,0.001
,0.001
0.54
,0.001
,0.001

Characteristic
ΔeGFR (%)
ΔeGFR (ml/min per 1.73 m2)
Baseline MDRD eGFR
(ml/min per 1.73 m2)
Baseline age (year)
Female (%)
Black (%)
Never smoked (%)
Intensive SBP group (%)
Baseline SBP, mm Hg
Baseline DBP, mm Hg
ΔSBP (6 mo–baseline) (mm Hg)
ΔDBP (6 mo–baseline) (mm Hg)
Baseline CKD (%)
Baseline CVD (%)
Baseline Framingham 10-yr risk score
Baseline urine ACR, mg/g

Data are presented as mean6SD or median (interquartile range) for continuous measures and percent for categorical measures. ΔSBP, change in SBP; ΔDBP,
change in DBP; ACR, albumin-to-creatinine ratio.

relationships in ΔeGFR% were not statistically signiﬁcant for
the CVD composite (P=0.40 and 0.47 in the intensive and
standard SBP arm, respectively) or mortality (P=0.33 and
0.19 in the intensive and standard SBP arms, respectively).
In linear models relating the log transformed hazards for the
clinical outcomes to ΔeGFR% and its interaction with randomized SBP group, each 10% decrement in ΔeGFR% (representing greater initial eGFR decline) was associated with
adjusted hazard ratios of 1.04 (95% CI, 0.97 to 1.12) for the
CVD composite outcome and 1.08 (95% CI, 0.98 to 1.19) for 2
the all-cause mortality in the intensive SBP arm and 0.97 (95%
CI, 0.89 to 1.05) for the CVD composite outcome and 0.98
(95% CI, 0.89 to 1.09) for all-cause mortality in the standard
SBP arm; the hazard ratios for the two intervention arms did
not differ signiﬁcantly from each other for either outcome
(interaction P=0.12 for the CVD composite and interaction
P=0.20 for all-cause mortality).

Controlled Direct Effects of the Intensive SBP Group
on the CVD Composite and All-Cause Mortality
Outcomes at Fixed ΔeGFR%

Figure 5 presents estimates of the controlled direct effects that
evaluate the effect of the intensive versus the standard SBP
intervention on the CVD composite and all-cause mortality
outcomes when ΔeGFR% is held ﬁxed at the values indicated
in the horizontal axis, on the basis of the same cubic spline
model used in the previous section. The hazard ratios deﬁning
the controlled direct effects of the intensive SBP interventions
were signiﬁcantly ,1 throughout much of the ΔeGFR% range
for both clinical outcomes, but did not differ signiﬁcantly between different ΔeGFR% levels for either the CVD composite
(interaction P=0.12) or all-cause mortality (P=0.20). This
suggests that the beneﬁts of the intensive SBP intervention
through mechanisms other than through ΔeGFR% occur irrespective of the level of ΔeGFR%.

40
30
Δ eGFR (%)

20
12.6

10

8.5

3.3

0

-1.2

-5.1

-10

-10.3

-20
-30

Δ eGFR (ml/min/1.73 m2)
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8.3
2.3
-3.6

0

5.7
-.7
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-40
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Intensive arm
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Figure 3. Box plots for ΔeGFR% and for ΔeGFR in the standard and intensive SBP arms. Shown are the ﬁrst percentile, 25th percentile,
median, 75th percentile, and 99th percentile.
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Model adjusted for baseline age, gender, race, systolic blood pressure, diastolic blood pressure, cardiovascular disease
smoking, eGFR, urine albumin / creatinine ratio and Framingham 10-year cardiovascular disease risk score. There was
no evidence of nonlinear relationships on the log scale between the hazards between delta eGFR% and the CVD and
endpoints (p-values for nonlinearity were p= 0.47 and p = 0.40 in the standard and intensive SBP arms for the CV
composite mortality and were p= 0.19 and p=0.33 for mortality)

Figure 4. Association of ΔeGFR% with the CVD composite and all-cause mortality by randomized treatment arm. There was no evidence of nonlinear relationships on the log scale between the hazards between ΔGFR% and the CVD and all-cause mortality endpoints
(P values for nonlinearity in the standard and intensive SBP arms were P=0.40 and P=0.47 for the CVD composite and P=0.33 and
P=0.19 for all-cause mortality, respectively).

Mediation Analysis for the CVD Composite Outcome

The estimated hazard ratio for the CVD composite outcome
corresponding to the total effect of the intensive SBP intervention was 0.67 (95% CI, 0.56 to 0.78) in the analytic sample
(Table 2). In mediation analysis, the hazard ratio for the direct
effect (not mediated through ΔeGFR) of the intervention on
the primary CVD composite end point was 0.68 (95% CI, 0.57
to 0.79) and the hazard ratio corresponding to the indirect
effect (mediated through ΔeGFR%) was 0.99 (95% CI, 0.95
to 1.03) (Table 2). Thus, the indirect effect mediated through
ΔeGFR% had a negligible contribution to the total effect of
the intervention on the CVD composite outcome.
Mediation Analysis for All-Cause Mortality

The hazard ratio corresponding to the total effect of the intervention was 0.81 (95% CI, 0.65 to 1.00) in the analytic
sample. In mediation analysis, the hazard ratio for the direct
effect of the intervention on all-cause mortality was 0.81
(95% CI, 0.64 to 1.01) and the hazard ratio corresponding
1528
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to the indirect effect mediated through ΔeGFR% was 1.00
(95% CI, 0.95 to 1.06) (Table 2), indicating no evidence of
mediation of the intervention effect on the all-cause mortality
by ΔeGFR%.
Sensitivity Analyses

Results were similar when the analyses were repeated after
adjustment for the extended sets of covariates that resulted
from stepwise selection (Supplemental Figure 2), and when
CVD composite events were incorporated throughout the full
follow-up period, including the ﬁrst 6 months (Supplemental
Tables 3–5), during which 656 CVD composite outcomes and
404 all-cause deaths were noted. We performed an additional
sensitivity analysis to assess the possibility that failure to control for an unmeasured confounder could have led us to underestimate the indirect effect by an amount large enough to
cause our estimated indirect effect hazard ratios to fall close to
the null effect of 1 (0.99 and 1.00 for the CVD composite and
mortality, respectively) in the presence of true indirect effects
JASN 30: 1523–1533, 2019
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Model adjusted for baseline age, gender, race, systolic blood pressure, diastolic blood pressure, cardiovascular disease, smoking,
eGFR, urine albumin / creatinine ratio and Framingham 10-year cardiovascular disease risk score

Figure 5. Controlled direct effects of SBP intervention at different levels of DeGFR%. The ﬁgure displays the estimated controlled
direct effects of the intensive SBP intervention on the CVD composite (left) and all-cause mortality (right) when DeGFR% is held ﬁxed at
the values indicated on the horizontal axis. The interaction P values between DeGFR% and the randomized SBP group are 0.12 for the
CVD composite and 0.20 for all-cause mortality, indicating that controlled direct effects do not differ signiﬁcantly between different
levels of early change in DeGFR%.

large enough to matter clinically. We considered the hazard
ratio for the indirect effect to be clinically relevant if it was
1.10 or higher. In principle, such a bias could occur if, among
subsets of patients with the same ΔeGFR%, the unmeasured
confounder was more prevalent in the standard SBP arm
compared with the intensive SBP arm (which might account
for equal ΔeGFR% values in spite of the greater mean acute
eGFR decline in the intensive SBP arm), and was also associated with greater risk of the clinical outcomes. We allowed for
up to a 4% greater prevalence of the uncontrolled confounder
in the standard SBP arm given the same ΔeGFR%, a difference
much larger than the maximum difference 2.61% in prevalence for any of the 68 baseline variables we considered as
possible covariates (Supplemental Table 6). The hazard ratios
for such a confounder would have to be very high (.3.78 for
the CVD composite outcome and 3.50 for all-cause mortality)
to be consistent with a hazard ratio for the true indirect effect
as large as 1.10. It appears unlikely that a confounder with
such high hazard ratios could have been missed from the
SPRINT trial baseline data, but this possibility cannot be
ruled out completely.

The primary results of SPRINT showed that intensive
SBP lowering reduced the risk of the primary CVD composite
outcome by 25% and all-cause mortality by 27%.5,6 Indeed,
the SPRINT intervention was stopped early because of beneﬁcial effects of the intervention. However, intensive SBP lowering resulted in an increased risk of incident CKD in the
SPRINT,7 Action to Control Cardiovascular Risk in Diabetes
BP, 24 and Secondary Prevention of Small Subcortical
Strokes25 trials and an increased risk of AKI in the SPRINT
trial.26 We have reported that intensive SBP lowering resulted
in an acute early decline in eGFR in both the SPRINT trial
non-CKD7 and CKD8 subgroups.
To understand the clinical implications of the effects of
intensive SBP lowering and other interventions on early
change in GFR (ΔeGFR), previous reports have investigated
the association of longer-term end points with ΔeGFR after
initiation of the intervention.11–16,27 Although the intensive
SBP intervention did have a highly statistically signiﬁcant effect on ΔeGFR%, and led to a more than two-fold increase in

DISCUSSION

Type of Effect

The main ﬁndings of this study are that, although intensive
SBP lowering resulted in a higher proportion of individuals
with early decline in eGFR, there was no evidence that this
early decline in eGFR either mediated or modiﬁed the effects
of intensive SBP lowering on the primary CVD end point or
all-cause mortality in the SPRINT trial among hypertensive
individuals randomized to intensive versus standard SBP
intervention.

Indirect effect
Direct effect
Total effect
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Table 2. Mediation analysis of the effect of the SBP
intervention on the CVD composite and all-cause mortality
CVD Composite

All-Cause Mortality

Risk Ratio

95% CI

Risk Ratio

95% CI

0.99
0.68
0.67

0.95 to 1.03
0.57 to 0.79
0.56 to 0.78

1.00
0.81
0.81

0.95 to 1.06
0.64 to 1.01
0.65 to 1.00

The hazard ratio for the total effects of the SBP intervention on the CVD
composite and all-cause mortality can be represented approximately as the
product of the corresponding hazard ratios for the indirect and direct effects.
Thus, for the CVD composite, 0.67=0.9930.68. For all cause-mortality,
0.81=1.0030.81. Model adjusted for baseline age, sex, race, SBP, diastolic
BP, CVD, smoking, eGFR, urine albumin-to-creatinine ratio, and Framingham
10-year CVD risk score.
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the proportion of patients with at least a 20% acute eGFR
decline, the intervention accounted for a small percentage
(2.3%, on the basis of the R2 value) of the overall variation
in ΔeGFR% between participants. Thus, analyses relating
ΔeGFR to the clinical end points primarily reﬂect consequences of variation in ΔeGFR due to factors besides the intervention. To address the implications of the ΔeGFR that
were speciﬁcally due to the intervention, it is necessary to
adopt the framework of mediation analysis as presented
herein. In this framework, the indirect effect of the intervention that was mediated by ΔeGFR describes the implications
of the response of eGFR to the intervention on subsequent
clinical events, and the direct effect describes intervention
effects that operate through mechanisms distinct from
ΔeGFR.
Using this mediation analysis framework, we found that
the hazard ratios for the indirect effects of the intervention
on the CVD composite outcome and all-cause mortality were
close to 1, and that the direct effects of the intervention closely
approximated the total effects, indicating that almost all of the
effects of the intervention on the clinical end points occurred
through mechanisms distinct from ΔeGFR.
In our setting, where the intervention assignment was randomized, the primary assumption required for a meaningful
interpretation of the indirect and direct effects is that the covariates included in the analysis are sufﬁcient to control for
confounding factors that jointly inﬂuenced ΔeGFR and the
clinical end points. The risk that this assumption may be
violated is the core threat to the validity of our mediation
analyses, and is analogous to similar risks of uncontrolled
confounding that can occur whenever postrandomization covariates are related to outcomes in randomized, controlled
trials. To limit this risk, we capitalized on the extensive set of
baseline variables in the SPRINT trial database to apply a comprehensive strategy to covariate adjustment. We adjusted for
ten potential confounders in our primary analyses, and in
sensitivity analyses conﬁrmed that the primary results were
unaltered after adjusting for additional factors selected by forward stepwise variable selection from among 58 additional
covariates identiﬁed as possible confounders by the study investigators. We also performed a sensitivity analysis to assess
the likelihood that failure to control for an unmeasured confounder might have masked the true adverse indirect effect of
the intervention on the clinical outcomes. This sensitivity
analysis indicated that, under plausible scenarios, an uncontrolled confounder must have extremely strong relationships
with the CVD composite and all-cause mortality to inﬂuence
our results sufﬁciently to mask an adverse indirect effect that is
large enough to be clinically meaningful. The likelihood of
such a powerful unmeasured confounder appears small, but
cannot be ruled out entirely.
In Supplemental Appendix 1, we provide additional arguments that demonstrate that measurement error in eGFR and
variation between patients in the 6-month change in SBP
within the intensive and standard SBP groups are not likely
1530
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to have affected our conclusion that the indirect effect of the
SBP intervention mediated by DeGFR% is clinically negligible.
The robustness of the conclusion of negligible indirect effects mediated by DeGFR% may explained in part by the relatively small effect size of the intervention on the mean DeGFR
% level when considered in relation to the full variation in
DeGFR% across the SPRINTstudy population. Because of this
relatively small effect size (corresponding to a standardized
mean difference of 0.31 and a squared multiple correlation
of 0.02), indirect effects mediated through DeGFR% are consistently small across the range of estimated effects of DeGFR
% on the clinical end points in our various sensitivity analyses.
In addition to the issue of mediation, investigators have also
questioned whether ΔeGFR might modify, or moderate, the
effect of intensive BP interventions.12,16 This is a complex
issue because of the challenges of deﬁning effect modiﬁcation
by a factor that is itself affected by the intervention. However,
the analysis of Figure 4 shows that there is no evidence that the
direct effect of SBP lowering varies between different levels of
ΔeGFR. This result, combined with the absence of an overall
indirect effect of the intervention, suggests that early eGFR
decline not only does not mediate but also does not modify
the effect of intensive SBP intervention on these clinical end
points, or at least any mediation or moderation that does occur is not large enough to be clinically relevant.
Major strengths of this study include the rigorous application of the framework of casual mediation analysis to investigate the consequences of ΔeGFR that were speciﬁcally due to
the intervention; the large sample size of the SPRINT trial,
which supported adequate precision in estimates of the direct
and indirect effects; the presence of an acute effect on early
eGFR change, which was relatively large compared with several other studies that have investigated intensive SBP interventions11–16; and the extensive baseline characterization of
the SPRINT cohort, which allowed us to provide a more comprehensive adjustment for confounding factors that would
otherwise be possible.
Limitations include the relatively short duration of followup in the SPRINT trial. If the early eGFR decline with intensive
SBP reduction increases the future risk of CVD events or allcause mortality, the association of the intervention and of
ΔeGFR on those outcomes could follow a nonproportional
hazard function (e.g., a decreased risk early, which attenuates
or reverses later); hence, it is possible that a nonzero indirect
effect could emerge with longer follow-up. The present analyses were post hoc. As we have emphasized, our estimates of
direct and indirect effects may be biased because of unmeasured confounding, although our sensitivity analyses suggest
that it is fairly unlikely that such a bias would be large enough
to substantially alter the clinical interpretation of our ﬁndings.
Our application of the framework of causal inference should
not be interpreted as a claim that our analyses can support
causal inferences without qualiﬁcation, but rather as an approach for applying methods that limit bias to the extent possible, and to clearly deﬁne the assumptions that are required to
JASN 30: 1523–1533, 2019
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address causal issues on the basis of the data. Furthermore, as
there were very few hard kidney end point events in the
SPRINT trial, we were unable to extend our mediation analyses to a kidney event outcome. Finally, as there were very few
SPRINT trial participants with stage 4 CKD, these results cannot be extrapolated to those with more advanced kidney
disease.
In summary, during the SPRINT trial follow-up, there was
no evidence that early reductions in eGFR mediated or adversely moderated the CVD and all-cause mortality beneﬁts
that resulted from intensive SBP lowering. Longer-term follow-up studies with causal modeling are needed to better understand the downstream effects of early eGFR decline with
intensive SBP lowering.
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