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Abstract

Previous studies of blood pressure and mortality in haemodialysis have yielded mixed results,
perhaps due to confounding by comorbid conditions. We hypothesized that after improved
accounting for confounding factors, higher systolic blood pressure (SBP) would be associated with
higher all-cause mortality. We conducted a secondary analysis of data from the haemodialysis
study, a randomized trial in prevalent haemodialysis patients. We used three proportional hazard
models to determine the relative hazard at different levels of SBP: (1) Model-BL used baseline
SBP; (2) Model-TV used SBP as a time-varying variable; and (3) Model-TV-Lag added a 3-month
lag to Model-TV to de-emphasize changes in SBP associated with acute illness. In all the models,
pre-dialysis SBP 0120 mm Hg was associated with a higher risk of mortality compared with the
referent group (140-159 mm Hg); higher pre-dialysis SBP was not associated with higher risk of
mortality. In conclusion, we observed a robust association between lower pre-dialysis SBP and
higher risk for all-cause and cardiovascular mortality in a well-characterized cohort of prevalent
haemodialysis patients. Randomized clinical trials are needed to define optimal blood pressure
targets in the haemodialysis population.
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Introduction

The prevalence of hypertension in patients with end-stage renal disease on dialysis ranges
from 50-90% as defined by blood pressure (BP) 4140/90 mm Hg, and cardiovascular (CV)
disease is the most common cause of death.2 In the general population, large observational
studies have shown direct, linear relationship among BP and the risks of CV disease and
death.3-° In contrast, studies in dialysis populations have yielded mixed results, with some
reports of a higher mortality risk associated with higher systolic BP (SBP),%.7 others of a
higher mortality risk with lower SBP8-10 or a ‘U’-shaped association, with higher mortality
risk at both extremes of SBP.1! Disparate results may be attributed in part to differences in
dialysis modality and adequacy, misclassification of hypertension or confounding by
comorbid conditions. Previous studies included incident and prevalent patients or patients on
peritoneal dialysis and haemodialysis. Cohort studies completed in the late 1980s and early
1990s often had a mean dialysis dose below current standards, whereas others lacked
information on CV disease and other important comorbid conditions. In addition, many
previous studies determined cause-specific mortality from the Centers for Medicare and
Medicaid Services Death Notification form, which is particularly inaccurate in classification
of CV death.12

We hypothesized that after improved accounting for confounding factors, higher SBP would
be associated with a higher risk of all-cause and CV mortality in patients on haemodialysis.
To test this hypothesis, we carried out a secondary analysis of data from the Haemodialysis
(HEMO) Study,13 a randomized clinical trial that tested the effects of higher versus
conventional dialysis dose and higher versus lower membrane flux on mortality and
morbidity. The HEMO study subjects were relatively uniform, as only prevalent patients on
haemodialysis with minimal residual kidney function were included. The majority of study
subjects achieved an adequate dialysis dose, and classification of cause-specific mortality
was adjudicated by a committee after a review of the medical records. In addition, the
HEMO study data included multiple assessments of serum albumin concentration and
comorbid conditions. These features of the HEMO study allowed us to address some of the
limitations of previous studies.

Materials and methods

Study population

Details of the HEMO study have been published previously.13:14 Briefly, the HEMO study
was a randomized clinical trial of prevalent haemodialysis patients between 18 and 80 years
of age from 15 US centres. Subjects were enrolled between March 1995 and October 2000
and randomly assigned in a 2 2 factorial design to standard-dose or high-dose equilibrated
Kt/V rea and low-flux or high-flux dialyser membranes. Subjects were followed until death
or December 2001 and censored at the time of kidney transplant. Subjects were excluded if
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they had serum albumin concentration <2.6 g per 100 ml, residual urea clearance of =1.5 ml
min ~1 per 35 | of urea distribution volume, or if they were unable to achieve an equilibrated
Kt/Vrea Of >1.30 within 4.5 h during two of three baseline kinetic modelling sessions.

SBP was measured before (pre-dialysis) and after (post-dialysis) the dialysis session in a
seated position using a sphygmomanometer as per the dialysis unit routine. Pre-dialysis SBP
(mm Hg) was categorized as follows: SBP: <120, 120-139, 140-159, 160-179 and =180
(values of SBP <40 were coded as missing); we considered SBP 140-159 mm Hg as the
referent group. We also examined post-dialysis SBP and categorized in the same way.
Baseline SBP values were defined as the mean of the first two measurements recorded from
two separate dialysis sessions during the pre-randomization period.

In multivariable models, we adjusted for age (10-year increments), sex, race (Black versus
non-Black), vintage (years on dialysis), diabetes, mean baseline serum albumin
concentration (averaged from two values obtained during the pre-randomization period) (g
per 100 ml), residual kidney function (urea clearance in ml min ~1 per 35 I), intervention
group (high-dose or standard-dose dialysis and high-flux or low-flux dialyser membrane)
and modified Index of Coexistent Diseases (ICED) score. Trained study coordinators
assessed the ICED score at baseline and annually thereafter, which aggregates the presence
and severity of congestive heart failure, ischaemic heart disease, peripheral vascular disease,
cerebral vascular disease, 15 other medical conditions and 11 physical impairments. ICED
scores range from 0-3, with higher scores indicating increasing severity of comorbid
conditions.® The HEMO study used a modified ICED score excluding diabetes, and
accounted for this comorbid condition as a separate covariate.

We chose these covariates because they were pre-specified in the HEMO study and/or
because significant differences existed among the categories of baseline pre-dialysis SBP. In
Model-TV and Model-TV-Lag, we included serum albumin concentration and modified
ICED score as time-varying covariates. Although we expected differences in
antihypertensive medication use depending on baseline category of SBP, we did not include
an adjustment for baseline antihypertensive medication use in our main analyses given the
problem of indication bias inherent to observational studies. However, to check the
robustness of our results, we conducted additional analyses that included an adjustment for
baseline antihypertensive medication use.

The primary outcome of interest was time from randomization to all-cause mortality.
Secondary outcomes included time to CV mortality and time to infection-related mortality,
the two major categories of cause-specific mortality in patients on dialysis. The cause of
death was adjudicated by an outcomes committee.
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Statistical methods

Results

Pre-dialysis

We compared baseline clinical characteristics using general linear models or the Cochran—
Armitage trend test for trend, as appropriate. We evaluated the association of SBP
parameters with all-cause and cause-specific mortality using Cox regression in three sets of
models. First, we analysed mean baseline SBP (Model-BL) as a time-constant variable.
Second, we analysed SBP as a time-varying covariate (Model-TV), which incorporates all
values of SBP. Third, we added a 3-month lag to Model-TV (Model-TV-Lag) to
deemphasize changes in SBP associated with acute illness preceding death. Thus, Model-TV
calculates the hazard ratio using the closest SBP recorded preceding the event, whereas
Model-TV-Lag uses the SBP recorded approximately 3 months before the event. Analyses
were stratified by clinical centre.

We tested the proportionality assumption with log-negative-log and Schoenfeld residual
plots. As we divided SBP into five categories, we first assessed the overall association of
SBP with the outcome before evaluating each SBP category separately. To do this, we
conducted a Wald test and reported the result as a global P-value. We tested for effect
modification by including multiplicative interaction terms with SBP for age, sex, race
(Black versus non-Black), diabetes and baseline antihypertensive medication use. In these
models, we expressed SBP as linear and quadratic terms given the curvilinear association
with mortality in models without interaction terms. We considered two-tailed P-values <0.05
as statistically significant. All analyses were conducted with SAS Enterprise Guide 4.2
(Cary, NC, USA).

A total of 1846 subjects participated in the HEMO study. Subjects with higher baseline pre-
dialysis SBP were more likely to be female, Black, on antihypertensive medications, to have
diabetes and of shorter dialysis vintage (Table 1). Median follow-up time was 2.5 years
(interquartile range 1.3-4.3 years) after accounting for deaths and censoring at the time of
kidney transplant. CV deaths accounted for 47% (N % 408 out of 871) of total deaths.

SBP and all-cause mortality

Globally, baseline pre-dialysis SBP was not significantly associated with all-cause mortality
(P =0.15) in an adjusted analysis. Pre-dialysis SBP evaluated as a time-varying covariate
(Model-TV) was globally associated with all-cause mortality (P<0.0001). Specifically, pre-
dialysis SBP <120 mm Hg and 120-139 mm Hg were associated with a significantly higher
risk of all-cause mortality compared with the referent group of 140-159 mm Hg (Model-TV,
Figure 1). After the addition of a 3-month lag, the relationship between lower pre-dialysis
SBP and higher risk of all-cause mortality persisted (Table 2 and Figure 1). Higher pre-
dialysis SBP was not associated with higher risk of all-cause mortality in any of the three
models (Figure 1).

Other important independent predictors of all-cause mortality included age, diabetes,
modified ICED score, serum albumin concentration and race (Table 2). However, none of
these covariates was as strongly related to all-cause mortality as pre-dialysis SBP <120 mm
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Hg. Female sex, dialysis vintage and intervention group were not significantly associated
with all-cause mortality. We conducted additional analyses that included an adjustment for
baseline antihypertensive medication use in Model-TV and Model-TV-Lag, which did not
materially change the results (data not shown). We found no evidence of effect modification
by age, gender, diabetes or race (Black versus non-Black) on the relationship between pre-
dialysis SBP and all-cause mortality (Figures 2a—d). In addition, there was no evidence of
effect modification by antihypertensive medication use on the relationship between pre-
dialysis SBP and all-cause mortality (P = 0.26).

SBP and cause-specific mortality

In the analyses of pre-dialysis SBP and CV mortality, we observed a similar pattern of
results as with all-cause mortality (Figure 3). With the addition of the 3-month lag, the
association between pre-dialysis SBP and CV mortality appeared curvilinear (Model-TV-
Lag, Figure 3), with a 34% (95% confidence interval (CI) —10 to 97%) higher risk of CV
mortality among subjects with pre-dialysis SBP =180 mm Hg; however, this association did
not achieve statistical significance.

In the analyses of pre-dialysis SBP and infection-related mortality, using Model-TV, pre-
dialysis SBP <120 mm Hg was associated with higher infection-related mortality compared
with the referent group of 140-159 mm Hg (hazard ratio 2.64, 95% CI 1.66-4.21).
However, this relationship was attenuated and not statistically significant in Model-TV-Lag
(hazard ratio 1.31, 95% CI 0.79-2.15). As with all-cause mortality, models that included an
adjustment for baseline antihypertensive medication use did not materially change the
results when analysing cause-specific mortality (data not shown).

Post-dialysis SBP and mortality

Globally, we observed no significant association between baseline post-dialysis SBP and all-
cause mortality (P = 0.24). In Model-TV, post-dialysis SBP <120 mm Hg was associated
with 36% (95% CI 11-68%) higher risk of all-cause mortality, but in Model-TV-Lag a
significant relationship between post-dialysis SBP and all-cause mortality was no longer
observed (P = 0.95). Similarly, using Model-TV-Lag, we found no significant association
between post-dialysis SBP and CV mortality (P = 0.43) or infection-related mortality (P =
0.38). As with our analyses of pre-dialysis SBP, higher = post-dialysis SBP was not
associated with a significantly higher risk of all-cause or cause-specific mortality (data not
shown).

Discussion

In this analysis, we determined the relationship among various levels of pre- and post-
dialysis SBP with all-cause and cause-specific mortality in patients on haemodialysis using
three analytical models. Our results are consistent with previous studies, which have also
shown the highest risk of mortality with lower, rather than higher SBP.10.16-18 \We observed
the highest risk of all-cause and CV mortality among subjects with pre-dialysis SBP <120
mm Hg compared with the referent group of 140-159 mm Hg, whereas significant
associations among higher pre-dialysis SBP and these clinical outcomes were not observed.
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Post-dialysis SBP was not consistently associated with clinical outcomes. The results from
our analysis extend findings described in other cohorts by (1) including long-itudinal
determinations of pre- and post-dialysis SBP as a time-varying covariate; (2) adjusting for
demographic factors, comorbid conditions and selected laboratory results not only at
baseline, but also as time-varying covariates; and (3) incorporating adjudicated outcomes for
cause-specific mortality.

We used three alternative proportional hazards models in our analysis. Pre-dialysis SBP
analysed as a time-varying predictor yielded strong associations among categories of SBP
<140 mm Hg and higher risk of all-cause and CV mortality. Associations between lower
SBP and higher mortality have been reported in other high-risk groups not on dialysis,
including the elderly!® and persons with congestive heart failure.20 It may be that although
hypertension predisposes patients with and without kidney disease to CV morbidity, lower
SBP acts as a potent marker for other, ultimately fatal comorbid conditions. Results from
our analysis support this explanation. An infection leading to death would be expected to
result in lower SBP, and we demonstrated a strong association between lower pre-dialysis
SBP and infection-related mortality in Model-TV. After adding a 3-month lag (Model-
TVLag), the association between lower pre-dialysis SBP and infection-related mortality was
no longer statistically significant, supporting the hypothesis that lower SBP within 3 months
of death may result from (rather than cause) the acute illness that ultimately leads to death.
However, the 3-month lag did not fully attenuate the relationship between lower SBP and
all-cause and CV mortality, perhaps due to residual confounding.

Why did we not demonstrate a significant association between hypertension and mortality,
despite improved accounting for confounders over time? Most studies that have shown
associations between higher SBP and higher mortality risk in end-stage renal disease were
conducted in healthier cohorts with fewer comorbid conditions. For example, a Japanese
study of a relatively young cohort (mean age 52.3 years) with a low mortality rate (60.3 per
1000 patient-years) showed a 4% higher risk of all-cause mortality per 10 mm Hg increment
in SBP.6 Similarly, a study of haemodialysis patients’ with a low prevalence of diabetes
(12.3%) showed an association between pre-dialysis SBP =160 mm Hg and a twofold higher
risk of death after >2 years of follow-up. In contrast, Li et al.19, describing a US-based
cohort with a high prevalence of diabetes was able to demonstrate a higher risk of mortality
only with extremely elevated levels of SBP (=200 mm Hg), and the relationship was much
weaker than the association of SBP <120 mm Hg with mortality.

A mortality rate of 10% per year has been suggested as a ‘threshold’, above which an
independent effect of higher SBP on mortality is difficult to demonstrate;2! in the HEMO
study the annual crude mortality rate was ~14%.13 The HEMO study cohort of prevalent
haemodialysis patients, with a median dialysis vintage of 2.2 years, may have had a high
burden of unmeasured comorbid disease or severity of illness, thereby masking the impact
of hypertension on mortality. In addition, as only 10-15% of the cohort had a pre-dialysis
SBP 2180 mm Hg at any given time, we may have lacked the statistical power to detect a
small effect of higher SBP on mortality.
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We did not observe a consistent association between post-dialysis SBP and mortality, in
contrast to Zager et al.1! who showed a U-shaped association between post-dialysis SBP and
mortality. In that report, the patients were less likely to have diabetes and were of shorter
dialysis vintage; moreover, there was no adjustment for comorbid conditions beyond the
cause of end-stage renal disease. Similarly, Port et al.18 demonstrated a higher risk of
mortality at both extremes of post-dialysis SBP; however, their cohort also had a relatively
low prevalence of diabetes and the analysis only considered baseline, rather than time-
varying, SBP. As noted above, the analytic method seems to materially influence the results;
we could have reached different conclusions, had time-varying exposures not been
considered.

Our study has several limitations. First, BP measurements in the HEMO study were
conducted as per the usual dialysis centre routine and not standardized. Although current
clinical practice guidelines?? target routine pre- and post-dialysis BP measured in the
dialysis unit, a recent prospective study by Agarwal?3 showed that although higher quartiles
of home-based and ambulatory SBP strongly predicted mortality, routine in-centre pre- and
post-dialysis SBP measurements did not. Routine in-centre SBP measurements can variably
overestimate SBP,24-26 and misclassification of hypertension due to inaccurate SBP
measurements could explain the lack of association between higher SBP and mortality in our
analysis. Second, we did not include analyses of diastolic BP or pulse pressure in this report.
We chose to focus on SBP for two reasons: clinically, SBP is of primary consideration when
making decisions about dry weight or medication adjustments; practically, by focusing on
SBP, which was correlated with diastolic BP and pulse pressure, we avoided the statistical
pitfalls associated with multiple comparisons. Third, information on CV function such as
echocardiography was not collected as part of the HEMO study, which might have helped
elucidate the underlying mechanisms of the observed association between lower SBP and
higher mortality. Finally, although appearing similar to the US prevalent haemodialysis
population in most measured characteristics, the generalizability of the HEMO study data
might be restricted by its nature as a randomized clinical trial.

In summary, these analyses confirm and extend previous studies linking lower pre-dialysis
SBP with higher risks of all-cause and CV mortality. This association may be explained by
considering lower SBP as a marker of underlying comorbid illnesses not captured by the
ICED score. Although two recent meta-analyses2’+28 showed a reduced risk of CV
morbidity and mortality with antihypertensive medication treatment in dialysis patients, the
possibility remains that lowering pre-dialysis SBP to <140/90 mm Hg as recommended by
current clinical practice guidelines?? may cause harm. A recent study showed that dialysis
centres with a higher proportion of haemodialysis patients reaching an SBP of <140 mm Hg
had higher rates of symptomatic intradialytic hypotension.2? Intradialytic hypotension can
reduce cardiac perfusion and is associated with the intradialytic myocardial stunning
phenomenon.3? Results from our analysis cannot answer questions about cause and effect,
and should not be used to argue against treating hypertension in haemodialysis. However,
our results, together with several other studies, underscore the need for a randomized clinical
trial to define safe and efficacious BP targets in the haemodialysis population.
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Pre-Dialysis SBP (mmHg)
H Model-BL = Model-TV = Model-TV-Lag

Figure 1.
Association of pre-dialysis SBP with adjusted risk of all-cause mortality, using three

analytical models. All models adjusted for age, sex, Black race, serum albumin
concentration, vintage, modified ICED score, diabetes, residual kidney function and
randomized intervention group. Error bars indicate 95% confidence intervals. SBP, systolic
blood pressure; Model-BL, baseline SBP as a time-constant variable; Model-TV, SBP as a
time-varying variable; Model-TV-Lag, Model-TV + 3-month lag.
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(a—d). Association of pre-dialysis SBP and adjusted all-cause mortality risk stratified by
subgroup using Model-TV-Lag. All models adjusted for age, sex, Black race, serum albumin
concentration, vintage, modified ICED score, diabetes, residual kidney function and
randomized intervention group, unless stratified by that variable. Error bars indicate 95%
confidence intervals. SBP, systolic blood pressure; Model-TV-Lag, SBP as time-varying
variable + 3-month lag. P-values for interaction of SBP? with (a) age = 0.31 (b) sex = 0.99
(c) diabetes = 0.40 (d) Black race = 0.34.
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Figure 3.
Association of pre-dialysis SBP with adjusted risk of cardiovascular mortality, using three

analytical models. All models adjusted for age, sex, Black race, serum albumin
concentration, vintage, modified ICED score, diabetes, residual kidney function and
randomized intervention group. Error bars indicate 95% confidence intervals. SBP, systolic
blood pressure; Model-BL, baseline SBP as a time-constant variable; Model-TV, SBP as a
time-varying variable; Model-TV-Lag, Model-TV + 3-month lag.
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Table 1

Baseline characteristics of the HEMO study cohort

Page 14

Baseline characteristic Entire By category of baseline pre-dialysis SBP (mmHQ)
COhf&é)N - <120(N=  120-139(N= 140-159 (N= 160-179 (N=  2180(N=  p_trend@
116) 427) 658) 444) 199)

Age, years, mean (s.d.) 57.6 (14.0) 58.6 (14.8) 56.5 (15.1) 57.7 (14.1) 57.7 (13.6) 59.1(11.8) 0.19
Female sex (%) 56.2 44.8 54.8 56.4 56.5 64.8 <0.01
Black race (%) 62.7 51.3 62.3 64.9 62.4 63.8 0.08
On antihypertensive 79.1 55.9 67.5 82.8 86.3 89.5 <0.01
medication (%)
Current smoker (%) 17.3 15.5 19.2 16.4 16.7 19.1 0.49
Cause of ESRD (%)

Diabetic nephropathy 37.2 20.7 25.1 37.7 43.7 56.3

Hypertension 317 33.6 37.7 321 27.9 25.6 <0.01

Glomerular disease 13.8 17.2 26.5 14.0 13.7 6.5
Other or unknown 17.3 28.5 216 16.3 14.6 116
Diabetes (%) 44.6 27.6 335 45.9 48.7 64.3 <0.01
Modified ICED score (%)

0-1 35.6 35.3 39.1 36.6 34.2 27.6

2 313 29.3 28.3 324 34.2 28.6 0.03b

3 33.2 353 32.6 31.0 315 43.7
BMI, mean (s.d.) 255 (5.3) 24.8 (5.4) 25.3 (5.0) 25.6 (5.3) 25.4 (5.0) 26.1 (5.9) 0.08
Ellgls)ge, years, median 2.2(0.9-4.7) 2.6 (1.4-6.4) 2.3(0.9-5.0) 2.1 (0.9-4.6) 2.2(0.9-4.2) 2.0 (1.0-4.0) <0.01
Mean baseline serum 3.6(0.4) 3.6(0.3) 3.6 (0.4) 3.6(0.4) 3.6(0.4) 3.6 (0.4) 0.66
albumin, g per 100ml,
mean (s.d.)
Baseline serum total 172.6 (40.7)  164.8(35.7)  168.5(40.3)  176.3(42.1)  172.9(40.3)  173.1(39.3) 0.05
cholesterol, mg per
100ml, mean (s.d.)
Residual kidney function 329 23.3 29.0 37.2 32.2 34.2 0.03
>0 (%)
Mean baseline spKt/V, 1.6 (0.2) 1.6 (0.2) 1.6 (0.2) 1.6 (0.2) 1.6 (0.2) 1.6 (0.2) 0.24

mean (s.d.)

Abbreviations: BMI, body mass index; ESRD, end-stage renal disease; HEMO study, haemodialysis study; ICED, index of coexistent diseases,

modified to exclude diabetes; IQR, interquartile range; SBP, systolic blood pressure; spKt/V, single-pool Kt/Vyre™_

a . . . . . . . .
P-value for trend across the categories of baseline SBP calculated using one-sided Cochran-Armitage trend test or linear regression as appropriate.

bP-value is from xz-test.
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Table 2

Multivariable-adjusted Model-TV-Lag analysis of all-cause mortality

Predictor variable Cox regression coefficient  Relativerisk of all-cause mortality ~ P-value
Pre-dialysis SBP (mmHg) HR 95% ClI
<120 0.60+0.12 1.84 1.45-2.30 <0.0001
120-139 0.33+0.11 1.39 1.12-1.70 0.003
140-159 Ref. 1.00 Ref. -
160-179 0.01 +0.12 1.01 0.80-1.28 0.93
2180 0.07+0.28 1.07 0.83-1.39 0.59
Age (per 10-year increment) 0.31+0.04 1.36 1.27-1.46 <0.0001
Female sex -0.11 +0.08 0.89 0.76-1.05 0.16
Black race -0.35+0.09 0.70 0.59-0.85 0.0002
Diabetes 0.17+0.08 1.19 1.01-1.40 0.04
Dialysis vintage (per 1-year increment) 0.02+ 0.01 1.02 1.00-1.40 0.15
Serum albumin (per 0.1 g per 100 ml increment) -0.13+0.01 0.88 0.86-0.89 <0.0001
Modified ICED (per 1-unit increment) 0.51+ 0.06 1.66 1.48-1.86 <0.0001
Residual kidney function (per ImImin-t per 351) -0.10+0.09 0.90 0.76-1.08 0.27
High-dose dialysis intervention group -0.01+ 0.08 0.99 0.85-1.15 0.88
High-flux membrane intervention group -0.11+0.08 0.89 0.76-1.04 0.14

Abbreviations: CI, confidence interval; HR, hazard ratio; ICED, Index of Coexistent Diseases score, modified to exclude diabetes; Model-TV-Lag,
SBP as time-varying variable+3-month lag; ref., referent group; SBP, systolic blood pressure. Plus-minus values are * s.e.

J Hum Hypertens. Author manuscript; available in PMC 2014 July 08.



