




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 comparedwith stan-
dard 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 con-
straint, 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 frame-
work of causal mediation analysis can be used to connect
relationships involving the observed DeGFR% values to re-
lationships involving the unobserved effects of the intensive
SBP intervention on DeGFR%, and articulate specific as-
sumptions 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:

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 in-
tensive 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 ef-
fect, 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

description of the direct and indirect effects is given in Supple-
mental 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 covari-
ates 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 albu-
min-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 compos-
ite 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
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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 in-
tervention (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 interven-
tions, 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.
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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 ef-
fects of DeGFR%. We used bootstrap resampling with 500
bootstrap samples to compute confidence intervals and P
values.

Under the randomized design, the causal interpreta-
tion 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 as-
sumption, our primary analyses included the above
ten baseline covariates selected using subject matter knowl-
edge. In sensitivity analyses, the mediation analyses were
repeated with expanded sets of covariates (Supplemental
Table 1) obtained by applying forward stepwise variable se-
lection to 58 additional baseline factors with the ten cova-
riates from the primary analyses forced in the model. The
forward stepwise regression led to selection of 22 addi-
tional covariates for the CVD composite outcome and 16
additional covariates for the mortality outcome. Finally,

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 pre-
sented, 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 (Supple-
mental 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 were20.7 (27.2, 5.7) ml/min per
1.73 m2 and21.2% (210.3%, 8.5%), respectively (Figure 3).
Corresponding values in the standard SBParmwere 2.3 (23.6,
8.3) ml/min per 1.73 m2 and 3.3% (25.1%, 12.6%), respec-
tively. A $10% decline in eGFR occurred in 25.6% in the in-
tensive 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 ran-
domized groupwas 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 com-
posite 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

Indirect effect (A × B)

ΔeGFR

BA

Direct effect
SBP Intervention

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.
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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 ran-
domized SBP group, each 10% decrement in ΔeGFR% (rep-
resenting 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 be-
tween 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 ir-
respective of the level of ΔeGFR%.

Table 1. Clinical characteristics by early eGFR decline groups (n=8526)

Characteristic <2 20% 220% to <210% 210% to <10% 10% to <20% ‡20% P Value

n=623 (7.3%) n=1103 (13.0%) n=4547 (53.3%) n=1393 (16.3%) n=860 (10.1%)
ΔeGFR (%) 228.368.3 214.362.8 0.165.5 14.562.9 30.7612.8
ΔeGFR (ml/min per 1.73 m2) 221.1610.4 210.763.9 0.064.1 10.063.4 18.967.8
Baseline MDRD eGFR
(ml/min per 1.73 m2)

74625 75622 73619 69619 63618 ,0.001

Baseline age (year) 68.469.7 67.869.4 67.869.3 68.069.2 67.169.3 0.095
Female (%) 35 33 33 37 42 ,0.001
Black (%) 34 32 31 28 32 0.025
Never smoked (%) 42 44 44 45 44 0.60
Intensive SBP group (%) 70 60 49 42 41 ,0.001
Baseline SBP, mm Hg 146617 143615 139615 137615 135615 ,0.001
Baseline DBP, mm Hg 79613 79612 78612 77611 76612 ,0.001
ΔSBP (6 mo–baseline) (mm Hg) 224620 218618 211618 26618 23620 ,0.001
ΔDBP (6 mo–baseline) (mm Hg) 212612 29611 26611 24610 22612 ,0.001
Baseline CKD (%) 30 26 25 31 43 ,0.001
Baseline CVD (%) 20 20 20 18 19 0.54
Baseline Framingham 10-yr risk score 25 (17–36) 24 (17–34) 22 (15–32) 21 (15–30) 20 (14–28) ,0.001
Baseline urine ACR, mg/g 14 (7–42) 11 (6–26) 9 (6–20) 8 (5–17) 9 (5–18) ,0.001

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.
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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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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 interven-
tion 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 in-
tervention 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

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 con-
trol for an unmeasured confounder could have led us to un-
derestimate 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

Standard arm 

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)
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Figure 4. Association of ΔeGFR% with the CVD composite and all-cause mortality by randomized treatment arm. There was no evi-
dence 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).
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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 associ-
ated 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 preva-
lence 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-causemortality)
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.

DISCUSSION

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.

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 bene-
ficial effects of the intervention. However, intensive SBP low-
ering 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 ef-
fect on ΔeGFR%, and led to a more than two-fold increase in

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
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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%.

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

Type of Effect
CVD Composite All-Cause Mortality

Risk Ratio 95% CI Risk Ratio 95% CI

Indirect effect 0.99 0.95 to 1.03 1.00 0.95 to 1.06
Direct effect 0.68 0.57 to 0.79 0.81 0.64 to 1.01
Total effect 0.67 0.56 to 0.78 0.81 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 conse-
quences of variation in ΔeGFR due to factors besides the in-
tervention. 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 interven-
tion 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 ran-
domized, the primary assumption required for a meaningful
interpretation of the indirect and direct effects is that the co-
variates 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 co-
variates 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 com-
prehensive 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 for-
ward stepwise variable selection from among 58 additional
covariates identified as possible confounders by the study in-
vestigators. We also performed a sensitivity analysis to assess
the likelihood that failure to control for an unmeasured con-
founder might have masked the true adverse indirect effect of
the intervention on the clinical outcomes. This sensitivity
analysis indicated that, under plausible scenarios, an uncon-
trolled confounder must have extremely strong relationships
with the CVD composite and all-cause mortality to influence
our results sufficiently tomask 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 argu-
ments 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

to have affected our conclusion that the indirect effect of the
SBP interventionmediated byDeGFR% is clinically negligible.

The robustness of the conclusion of negligible indirect ef-
fects mediated by DeGFR% may explained in part by the rel-
atively small effect size of the intervention on themeanDeGFR
% 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 con-
sistently small across the range of estimated effects of DeGFR
% on the clinical end points in our various sensitivity analyses.

In addition to the issue ofmediation, 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 oc-
cur is not large enough to be clinically relevant.

Major strengths of this study include the rigorous applica-
tion of the framework of casual mediation analysis to investi-
gate 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 sev-
eral other studies that have investigated intensive SBP inter-
ventions11–16; and the extensive baseline characterization of
the SPRINT cohort, which allowed us to provide a more com-
prehensive adjustment for confounding factors that would
otherwise be possible.

Limitations include the relatively short duration of follow-
up in the SPRINT trial. If the early eGFR decline with intensive
SBP reduction increases the future risk of CVD events or all-
cause 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 anal-
yses were post hoc. As we have emphasized, our estimates of
direct and indirect effects may be biased because of unmea-
sured 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 ap-
proach for applying methods that limit bias to the extent pos-
sible, and to clearly define the assumptions that are required to
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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 anal-
yses to a kidney event outcome. Finally, as there were very few
SPRINT trial participants with stage 4 CKD, these results can-
not 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 ad-
versely moderated the CVD and all-cause mortality benefits
that resulted from intensive SBP lowering. Longer-term fol-
low-up studies with causal modeling are needed to better un-
derstand the downstream effects of early eGFR decline with
intensive SBP lowering.
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STASTISTICAL SUPPLEMENENTAL TEXT:  

Formal definition of indirect and direct effects 

To fully understand direct and indirect effects, it is necessary to introduce the concept of the 
counterfactual value of the long-term outcome assuming particular values for both the SBP intervention 
and ∆eGFR%. The notation used to describe this counterfactual value is written as Y(a,m), where Y(a,m)  
represents the value that the long-term outcome would take if the treatment is set to the value a and 
the mediator (∆eGFR%) is set to the value m. Thus, if we take a=0 to represent the standard SBP 
intervention and a=1 to represent the intensive intervention, Y(0,0) represents the value of the long 
term outcome under the standard SBP intervention if ∆eGFR% is set to 0, Y(1,0) represents the value of 
the long term outcome under the intensive SBP intervention if ∆eGFR% is set to 0, and Y(1,-20%) 
represents the value of the long term outcome under the intensive SBP intervention if ∆eGFR% is set to 
–20%.  

There are two types of direct effects: controlled and natural. The controlled direct effect of the intensive 
SBP intervention when ∆eGFR% is set to a fixed value of m is based on a comparison of Y(1,m) vs.  
Y(0,m). If there is an interaction between the treatment and ∆eGFR%, the controlled direct effect will 
differ for different values of ∆eGFR%. The natural pure direct effect is defined by the comparison of 
Y(1,m(0)) vs Y(0,m(0)). For an individual patient, this represents the direct effect of the intensive SBP 
intervention when ∆eGFR% for that patient is fixed at ∆eGFR%(0), which is the value that ∆eGFR% would 
take without the intensive SBP treatment. Note that in contrast to the controlled direct effect in which 
the mediator is fixed to the same value for all patients, the natural direct effect fixes the value of 
∆eGFR% to be different values for different patients, depending on the value of ∆eGFR% that would 
have been observed for each patient under the standard SBP intervention. Similarly, the total natural 
direct effect is based on the comparison of Y(1,m(1)) vs Y(0,m(1)). For an individual patient, this 
represents the direct effect of the intensive SBP intervention when ∆eGFR% for that patient is fixed at 
∆eGFR% (1), which is the value that ∆eGFR% would take with the intensive SBP treatment. Typically, the 
controlled direct effect is provided for a collection of different values of the mediator, and the natural 
pure and total direct effects are averaged over all the patients in the study.  

For an individual patient, the pure natural indirect effect is defined by the comparison of Y(0,m(1)) vs. 
Y(0,m(0)). This represents the effect of changing ∆eGFR% from ∆eGFR%(0) to ∆eGFR%(1) under the 
standard SBP intervention. This indicates the effect of changing ∆eGFR% from the value it would take 
under the standard SBP intervention to the value it would take under the intensive SBP intervention, but 
otherwise holding the SBP treatment fixed at standard SBP control. Similarly, the total natural indirect 
effect is defined by the comparison of Y(1,m(1)) vs. Y(1,m(0)). This represents the effect of changing 
∆eGFR% from ∆eGFR%(0) to ∆eGFR%(1) under the intensive SBP intervention. This indicates the effect 
of changing ∆eGFR% from the value it would take under the standard BP intervention to the value it 
would take under the intensive SBP intervention, but otherwise holding the SBP treatment fixed at 
intensive SBP control. 

If we assume that we are able to control confounding, and that our statistical models are correctly 
specified, the overall hazard ratio that defines the total effect of the SBP intervention on a long term 
outcome can be decomposed approximately as HRTOT = HRNDE x HRNIE, where  HRTOT is the hazard ratio 
comparing the hazard of the long-term outcome under the intensive vs. standard SBP control, HRNIE is 
the hazard ratio for the total natural indirect effect, and HRNDE = Pure natural direct effect. This is the 



most common approach to the decomposition of the total effect into direct and indirect effects, and this 
is the approach we have taken in the text of the manuscript, where we have used the simpler phrases 
direct effect and indirect effect as shorthand for the pure natural direct effect and the total natural 
indirect effect, respectively.  See VanderWeele 19for further details on the definition of the indirect and 
direct effects.  

 

Further Evaluation of Assumptions Required for Estimation of Direct and Indirect Effects.  

As we described in the text of the primary manuscript, the causal interpretations of the estimated direct 
and indirect effects in our analyses depend on two key assumptions:  

A1)  The baseline covariates included in the regression models must control for all confounding between 
ΔeGFR% and the long-term clinical outcomes, and  

A2)  The effect of changes in ΔeGFR% on the long-term clinical outcomes must be the same irrespective 
of whether these changes are caused by the SBP intervention or other causes.  

We note that in addition to these assumptions, in observational studies it is also necessary that the 
baseline covariates included in the analysis are sufficient also to control for confounding between the 
treatment and the mediator, and also between the treatment and the long-term outcomes. Fortunately, 
the randomized assignment of the SBP intervention assures that these latter two assumptions are 
satisfied in our analyses.  

To address assumption A1, the primary manuscript included a comprehensive strategy for adjustment 
for baseline covariates, as well as sensitivity analyses which provided some reassurance that residual 
confounding due to a covariate that was unmeasured in the SPRINT data base is unlikely to have altered 
the conclusions of our analyses. The possibility also exists that a follow-up confounder, occurring after 
randomization, jointly influenced both ΔeGFR% and the long term clinical endpoint. The most salient 
possible confounder of this type is the change in SBP from baseline to 6 months, which varied within 
each of the two randomized SBP groups in spite of the specification of fixed target SBP levels (≤120 mm 
Hg and ≤140 mm Hg, respectively). The simple strategy of adding the 6-month change in SBP to the 
baseline covariates in the full mediation analyses estimating the indirect and direct effects of the SBP 
intervention would not have been valid, since the 6-month changes in SBP is a post randomization factor 
that is affected by the treatment. However, it is possible to investigate of effect of omitting the 6-month 
change in SBP from the Cox regressions of the second part of the mediation analyses that related the 
CVD and mortality endpoints to ΔeGFR% after controlling for the randomized SBP group and the 10 
baseline covariates. Adding the change in SBP as an additional covariate in these analyses changed the 
HR relating ΔeGFR% to the long-term clinical endpoints by less than 1%, from 0.985 to 0.982 for the 
primary CVD outcome, and from 0.967 to 0.961 for all-cause mortality. These small changes suggest that 
confounding by early change in SBP is unlikely to have substantially affected our conclusions.  

Assumption A2 is an expression of the consistency assumption of causal inference26 in the context of our 
analyses. The major threat to the validity of this assumption is that measurement error is likely to have 
contributed substantially to the variation of ΔeGFR% between patients within the two SBP arms. This is 
because the change in eGFR is calculated over a relatively short time interval, so that variation in change 
in true GFR is not likely to have greatly exceeded variation due to measurement error. On the other 



hand, it is likely that the effect of the intensive SBP intervention on ΔeGFR% resulted from treatment 
effects on true GFR. Thus, measurement error in ΔeGFR% may have diluted the estimated effect of 
ΔeGFR% on the clinical endpoints in the Cox regression models of the mediation analysis, leading to 
underestimation of the true indirect effects and overestimation of the true direct effects. To assess this 
risk, we noted that the HR comparing all-cause mortality between an eGFR of 45 ml/min/1.73m2 and an 
eGFR of 95 ml/min/1.73m2 was 1.38 in a large meta-analysis of 10 cohorts with 266,975 patients 27. Due 
to the wide range of eGFR in this analysis, dilution of this estimated effect due to measurement error 
can be assumed to be negligible. Under the assumption of a linear relationship between the log 
transformed HR and the eGFR level, the HR of 1.38 translates to an HR of approximately 1.018 for the 
mean difference of 3.31 ml/min/1.73m2 in eGFR between the intensive and standard SBP groups. The 
same meta-analysis reported a HR of 1.73 for CV death. If this HR of 1.73 is assumed to apply to the CVD 
composite, we would obtain a HR of approximately 1.037 for the mean difference of 3.31 
ml/min/1.73m2 in eGFR between the SBP groups. Thus, for both the mortality and the CVD outcomes, it 
is likely that the HR for the indirect effect of treatment through ΔeGFR% would remain clinically 
negligible, below 1.04, after accounting for measurement error. 



 

Supplemental Table 1: Covariates selected by stepwise regression for CV composite and all-cause death 

Candidate variables for stepwise regression 

Selected for  

CV composite  

Selected for  

all-cause death 

  (N=22) (N=16) 

Baseline Demographic      

    Alcohol abuse    X 

    Hispanic     

    Insurance coverage is private/other      

    Live with other adults   X 

    Marital status     

    Retired  X   

    Unemployed or laid off     

    Working part time for pay     

    Works full time  X X 

Baseline body examination  and lab measurement       

    Average of 3 seated heart rate X X 

    Body Mass Index      

    Serum Glucose      

    Serum HDL-cholesterol      



    Serum LDL-cholesterol     

    Serum Triglycerides      

    Serum Total Cholesterol     

    Serum Potassium     

    Serum Sodium X   

Baseline comorbidity conditions     

    Acute coronary syndrome     

    Anemia or low blood count      

    Anxiety or panic disorder    X 

    Atrial fibrillation/atrial flutter X   

    Bipolar or manic depressive disorder X   

    Coronary artery disease   X 

    Coronary revascularization (CABG, PCI)     

    Depression X   

    Dizziness or light headed feeling when standing     

    Family  heart disease     

    Frailty Index X X 

    Hip problems X   

    History of cancer (not including skin cancer unless melanoma)     

    Hypertension/high blood pressure   X 



    Irregular heart beat     

    Left ventricular hypertrophy by CV, CVP or SL. X X 

    MMAS group     

    Montreal Cognitive Assessment (MoCA) X X 

    Osteoarthritis or degenerative arthritis X   

    Peripheral vascular disease     

    Post-traumatic stress disorder     

    Stroke     

    Subclinical cardiovascular disease     

    Thyroid disease     

    Transient ischemic attack /warning stroke X   

    Weak heart/congestive heart failure/fluid on the lungs     

Baseline medications     

    Defined daily dosage of antihypertensive medications X X 

    Number of antihypertensive medications X   

    Number of non-antihypertensive medications X X 

    Therapeutic intensity score of all antihypertensive medications X X 

    Using alpha-blocker X   

    Using ACEI or ARB X   

    Using aspirin      



    Using beta-blocker    X 

    Using calcium channel blockers  X   

    Using loop diuretic      

    Using Nsaid      

    Using other antihypertensive medication  X   

    Using statin   X 

    Using thiazide diuretic X X 

 

 

 

 

  



Supplemental Table 2. Clinical characteristics by randomized SBP arm (N=8526) 

 

 Standard SBP arm Intensive SBP arm 

 

p-value 

 N=4,256 

(50.0%) 

N=4,270 

(50.0%) 

 

Baseline Age (year) 67.8 ± 9.3 67.8 ± 9.3 0.88 

Female (%) 34 36 0.21 

African American (%) 31 31 0.7 

Never smoked  (%) 44 44 0.74 

Baseline Cardiovascular disease (%) 15 16 0.59 

Baseline Framingham 10-yr risk score 22 (15-32) 22 (15-32) 0.55 

Baseline SBP (mm Hg) 140 ± 15 139 ± 16 0.54 

Baseline DBP (mm Hg) 78 ± 12 78 ± 12 0.53 

∆ SBP (6 m – baseline) (mm Hg) -5 ± 18 -18 ± 18 <0.001 

∆ DBP (6 m – baseline) (mm Hg) -3 ± 10 -9 ± 11 <0.001 

Baseline CKD (%) 28 29 0.61 

Baseline MDRD eGFR (ml/min/1.73 m²) 72 ± 20 72 ± 21 0.85 

Baseline Urine ACR (mg/g) 9 (6-21) 10 (6-20) 0.36 

Data are presented as mean ± SD or median (IQR) for continuous measures and % for categorical measures 

 



Supplemental Table 3: Sensitivity Mediation Analysis with Covariates Chosen by Stepwise Regression for the Effect of the SBP Intervention on 
the CVD Composite and All-cause Mortality  

 

Type of Effect CV Composite All-cause Mortality 

Risk Ratio 95% CI Risk Ratio 95% CI 

Indirect 0.99 0.95 to 1.04 1.00 0.96 to 1.04 

Direct 0.65 0.54 to 0.78 0.75 0.58 to 0.92 

Total 0.65 0.54 to 0.77 0.75 0.59 to 0.91 

 

The total effects of the SBP intervention on the CVD composite and all-cause mortality can be represented approximately as the product of the 
indirect and direct effects. Thus, for the CVD composite, 0.65 = 0.99 x 0.65. For all cause-mortality, 0.75=1.00 x 0.75. 

Model adjusted for baseline age, gender, race, systolic blood pressure, diastolic blood pressure, cardiovascular disease, smoking, eGFR, urine 
albumin / creatinine ratio, Framingham 10-year cardiovascular disease risk score and additional covariates chosen by stepwise regression. 

 

 

 

 

 

 

 

 

 



 

Supplemental Table 4:  Sensitivity Mediation Analysis of CVD Composite Including Patients with CVD Composite Events Prior to 6 Months. 
(N=8611) 

 

Type of Effect Model 1* Model 2** 

Risk Ratio 95% CI Risk Ratio 95% CI 

Indirect 0.98 0.95 to 1.02 0.99 0.95 to 1.03 

Direct 0.73 0.61 to 0.85 0.70 0.57 to 0.81 

Total 0.71 0.60 to 0.84 0.69 0.57 to 0.80 

 

The total effects of the SBP intervention on all-cause mortality can be represented approximately as the product of the indirect and direct 
effects. Thus, for model 1, 0.71 = 0.98 x 0.73; For model 2, 0.69=0.99 x 0.70.  

*Model 1 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  

**Model 2= Model 1+ additional covariates chosen by stepwise regression. 

 

  



 

Supplemental Table 5:  Sensitivity Mediation Analysis of All-cause Mortality Including Patients with CVD Composite Events Prior to 6 Months. 
(N=8611) 

 

Type of Effect Model 1* Model 2** 

Risk Ratio 95% CI Risk Ratio 95% CI 

Indirect 1.00 0.96 to 1.05 1.00 0.96 to 1.05 

Direct 0.81 0.64 to 0.99 0.76 0.60 to 0.92 

Total 0.81 0.66 to 0.98 0.76 0.62 to 0.93 

 

The total effects of the SBP intervention on all-cause mortality can be represented approximately as the product of the indirect and direct 
effects. Thus, for model 1, 0.81 = 1.00 x 0.81; For model 2, 0.76=1.00 x 0.76.  

*Model 1 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  

**Model 2= Model 1+ additional covariates chosen by stepwise regression. 

 

   

 

 

 

 

 



Supplemental Table 6. Adjusted Risk Difference (%) between the Standard and Intensive SBP Arms Controlling for ΔeGFR%. 

 

Risk factors* 

 

Adjusted risk difference (%, 
Intensive vs. Standard) and 
95% CI 

 
  

Baseline Demographic  
 

    Alcohol abuse  -0.11 (-0.94, 0.84) 

    Hispanic 0.23 (-1.09, 1.32) 

    Insurance coverage is private/other  1.63 (-0.49, 2.14) 

    Live with other adults 0.42 (-1.52, 1.94) 

    Marital status (Divorced vs. Others) 0.25 (-0.78, 1.03) 

    Marital status (Living in a marriage-like relationship  vs. Others) -0.10 (-0.49, 0.39) 

    Marital status (Married  vs. Others) -0.99 (-2.59, 1.59) 

    Marital status (Never marrried  vs. Others) 0.02 (-0.70, 0.71) 

    Marital status (Separated  vs. Others) -0.20 (-0.59, 0.38) 

    Marital status (Widowed  vs. Others) 0.13 (-0.79, 1.05) 

    Retired  0.62 (-1.49, 2.11) 

    Unemployed or laid off -0.42 (-1.44, 1.02) 

    Working part time for pay -1.70 (-3.15, 1.43) 



    Works full time  -0.04 (-1.82, 1.78) 

Baseline body examination  and lab measurement   
 

    Average of 3 seated heart rate (Median=65) -0.23 (-2.37, 2.14) 

    Body Mass Index (Median=29.0) -0.51 (-2.67, 2.15) 

    Serum Glucose (Median=97) -0.38 (-2.53, 2.14) 

    Serum HDL-cholesterol (Median=50) 0.75 (-1.39, 2.16) 

    Serum LDL-cholesterol (Median=110) 1.33 (-0.83, 2.17) 

    Serum Triglycerides (Median=107) 0.39 (-1.76, 2.15) 

    Serum Total Cholesterol (Median=187) 0.70 (-1.44, 2.15) 

    Serum Potassium (Median=4.2) 1.07 (-1.06, 2.14) 

    Serum Sodium (Median=140) -0.14 (-2.28, 2.14) 

Baseline comorbidity conditions 
 

    Acute coronary syndrome 0.51 (-0.39, 0.91) 

    Anemia or low blood count  0.00 (-1.39, 1.39) 

    Anxiety or panic disorder  0.96 (-0.30, 1.27) 

    Atrial fibrillation/atrial flutter 0.44 (-0.72, 1.16) 

    Bipolar or manic depressive disorder 0.19 (-0.38, 0.58) 

    Coronary artery disease 0.68 (-0.76, 1.45) 

    Coronary revascularization (CABG, PCI) 0.22 (-1.03, 1.25) 

    Depression 0.36 (-1.29, 1.65) 



    Dizziness or light headed feeling when standing 0.09 (-0.78, 0.86) 

    Family  heart disease 2.51 (0.39, 2.14) 

    Frailty Index (Median=0.16) 1.18 (-0.97, 2.16) 

    Hip problems -0.51 (-2.01, 1.49) 

    History of cancer (not including skin cancer unless melanoma) 0.78 (-0.62, 1.41) 

    Hypertension/high blood pressure 1.32 (0.21, 1.12) 

    Irregular heart beat 0.71 (-0.89, 1.61) 

    Left ventricular hypertrophy by CV, CVP or SL. -1.07 (-2.81, 1.73) 

    MMAS group (High=8  vs. Others) 1.63 (-0.43, 2.07) 

    MMAS group (Low<6  vs. Others) -0.18 (-1.86, 1.67) 

    MMAS group( Medium 6-8  vs. Others) -0.43 (-2.50, 2.06) 

    Montreal Cognitive Assessment (MoCA) (Median=23.0) 1.78 (-0.37, 2.17) 

    Osteoarthritis or degenerative arthritis -0.13 (-2.04, 1.91) 

    Peripheral vascular disease -0.15 (-1.12, 0.96) 

    Post-traumatic stress disorder 0.53 (-0.38, 0.92) 

    Stroke 0.10 (-0.21, 0.31) 

    Subclinical cardiovascular disease -0.32 (-1.21, 0.89) 

    Thyroid disease 0.93 (-0.41, 1.35) 

    Transient ischemic attack /warning stroke -0.54 (-1.25, 0.70) 

    Weak heart/congestive heart failure/fluid on the lungs 0.30 (-0.48, 0.78) 



Baseline medications 
 

    Defined daily dosage of antihypertensive medications (Median=2.0) 0.13 (-2.02, 2.15) 

    Number of antihypertensive medications (Median=2.0) 0.42 (-1.55, 1.98) 

    Number of non-antihypertensive medications (Median=3.0) 0.02 (-2.11, 2.13) 

    Therapeutic intensity score of all antihypertensive medications (Median=0.74) -1.39 (-3.54, 2.13) 

    Using alpha-blocker -0.19 (-1.49, 1.31) 

    Using ACEI or ARB 1.38 (-0.73, 2.13) 

    Using aspirin  1.68 (-0.46, 2.16) 

    Using beta-blocker  3.01 (0.94, 2.10) 

    Using calcium channel blockers  -1.49 (-3.54, 2.04) 

    Using loop diuretic  0.42 (-0.58, 1.00) 

    Using Nsaid  2.61 (0.53, 2.11) 

    Using other antihypertensive medication  0.58 (-0.25, 0.84) 

    Using statin -1.74 (-3.87, 2.11) 

    Using thiazide diuretic -1.61 (-3.72, 2.09) 

* Continuous covariates were dichotomized by their median values (> median vs. ≤ median)  

 

 

 

 



Supplemental Figure 1: CONSORT Flowchart 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Allocated to intensive BP 
(n=4678) 

Randomized into SPRINT Trial 
(n=9361) 

Allocated to standard BP 
(n=4683) 

Missing baseline eGFR 
(n=31) 

Missing baseline eGFR 
(n=33) 

Baseline eGFR recorded 
(n=4655) 

Baseline eGFR recorded 
(n=4652) 

Dead within 6 months (n=20) 
Missing month 6 eGFR (n=342) 

Dead within 6 months (n=11) 
Missing month 6 eGFR (n=323) 

6 Month Δ eGFR recorded 
(n=4321) 

6 Month Δ eGFR recorded 
(n=4290) 

Primary CVD event within 6 months 
(n=28) 

Lost to follow-up within 6 months 
(n=6) 

Primary CVD event within 6 months 
(n=37) 

Lost to follow-up within 6 months 
(n=14) 

Included for analysis 
(n=4270) 

Included for analysis 
(n=4256) 



Supplemental Figure 2: Controlled Direct Effects of SBP Intervention at Different Levels of ΔeGFR% with Covariates Chosen by Stepwise 
Regression 

 

The figure displays the estimated controlled direct effects of the intensive SBP intervention on the CVD composite (Left) and all-cause mortality 
(right) when early change in eGFR is held fixed at the values indicated on the horizontal axis.  The interaction p-values between early change in 
eGFR and the randomized SBP group are 0.37 for the CVD composite and 0.35 for all-cause mortality, indicating that controlled direct effects do 
not differ significantly between different levels of early change in eGFR. 

 

 


