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ABSTRACT
Intradialytic hypotension is a serious and frequent complication of hemodialysis; however, there is no
evidence-based consensus definition of intradialytic hypotension. As a result, coherent evaluation of the
effects of intradialytic hypotension is difficult. We analyzed data from 1409 patients in the HEMO Study
and 10,392 patients from a single large dialysis organization to investigate the associations of commonly
used intradialytic hypotension definitions and mortality. Intradialytic hypotension definitions were
selected a priori on the basis of literature review. For each definition, patients were characterized as
having intradialytic hypotension if they met the corresponding definition in at least 30% of baseline ex-
posure period treatments or characterized as control otherwise. Overall and within subgroups of patients
with predialysis systolic BP,120 or 120–159 mmHg, an absolute nadir systolic BP,90 mmHg was most
potently associated with mortality. Within the subgroup of patients with predialysis BP$160mmHg, nadir
BP,100 mmHg was most potently associated with mortality. Intradialytic hypotension definitions that
considered symptoms, interventions, and decreases in BP during dialysis were not associated with out-
come, andwhen added to nadir BP, symptomand intervention criteria did not accentuate associationswith
mortality. Our results suggest that nadir-based definitions best capture the association between intra-
dialytic hypotension and mortality.
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Intradialytic hypotension (IDH) is a serious compli-
cationofhemodialysis (HD). IDHhasbeenassociated
with subsequent vascular access thrombosis,1 inade-
quate dialysis dose,2 and mortality.3,4 Additionally,
IDH-precipitated fluid administration and early
HD termination can leave patients volume-expanded
and at risk for associated cardiovascular morbidity.5

IDH prevalence reports range from 15% to 50% of
ambulatory HD sessions.6 This wide range is ex-
plained, in part, by differing criteria used to define
IDH. There is no consensus definition. The National
Kidney Foundation’s KidneyDiseaseOutcomesQual-
ity Initiative (KDOQI) guidelines define IDH as a de-
crease in either systolic BP (SBP)$20mmHg ormean
arterial pressure$10 mmHg as well as associated
symptoms.7 Others define IDH on the basis of a req-
uisite SBP fall during treatment accompanied by

interventions, such as saline bolus administration, ul-
trafiltration (UF) reduction, or blood flow reduction.8

Because symptom and intervention data are often un-
available in large databases, some IDH definitions are
based exclusively on SBP measurements, such as SBP
reduction by some requisite amount during treatment
(20, 30, and 40 mmHg) or nadir intradialytic SBP
below a threshold value (90, 95, and 100 mmHg).9–13
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Compound definitions are also common; examples include
$30-mmHg SBP fall+nadir SBP,110 mmHg and$20-mmHg
SBP fall+fluid bolus6symptoms.14,15

Discrepancies in IDH definitions limit synthesis of the
existing data regarding putative IDH sequelae and potential
strategies for IDHprophylaxis and treatment. Despite the large
body of data surrounding IDH, there is surprisingly little
evidence linking IDH to mortality. Shoji et al.3 showed that
$40-mmHg SBP fall and nadir SBP (separately) predict 2-year
mortality. Contrastingly, Tisler et al.4 reported no association
between mortality and frequent IDH (defined as $10 treat-
ments during a 10-month run-in period in which nadir
SBP,90 mmHg or 30-mmHg SBP fall+associated symptoms
and intervention). To assemble a coherent evidence base that
can guide clinical decisions, it is imperative that we develop a
consistent, evidence-based IDH definition.

We undertook this study to examine the association of com-
monlyusedIDHdefinitionsandmortality. IDHdefinitions(Table1)
were selected a priori by literature review. We conducted a sec-
ondary analysis of the Hemodialysis (HEMO) Study to test
mortality associations across a range of IDH definitions, taking
advantage of HEMO-reported intradialytic SBP, symptom, and
intervention data. We then performed a replication study to
confirm results and explore IDH–mortality associations across
categories of pre-HD SBP using data from a nationally represen-
tative cohort of patients on prevalent, three times per week, in-
center HD from a single large dialysis organization (LDO).

RESULTS

Baseline Characteristics of Cohorts
Characteristicsof theHEMOandLDOcohorts arepresented in
Table 2. Compared with patients without Nadir90-defined

IDH, patients with Nadir90-defined IDH in both cohorts
were more likely to be women, be of longer dialytic vintage,
be dialyzed by catheter, and have lower pre-HD SBP and al-
bumin; they were less likely to be prescribed calcium channel
blockers, a-blockers, and other antihypertensive agents.

Primary Analyses
In 1409 patients in the HEMO cohort, patients underwent
12,561 treatments during the baseline exposure period of
approximately 6 months (mean=8.961.6 sessions/patient)
(Supplemental Figure 1A displays the study timeline). Figure
1 displays the IDH frequency by definition: 19.1% of sessions
had HEMO-defined IDH, and 11.3% of sessions had Nadir90-
defined IDH. Overall, 25.0% of patients experienced HEMO-
defined IDH in at least 30% of the baseline treatments, and
11.9% of patients experienced Nadir90-defined IDH in at least
30% of the baseline treatments. During the subsequent 2-year
at-risk period, 432 (30.7%) patients died.

In unadjusted analyses, meeting the Nadir90, Fall20Nadir90,
Fall30Nadir90, and HEMO IDH definitions in at least 30% of
baseline sessions (versus not) was each associated with higher
2-yearmortality. After adjustment for potential confounders,
only Nadir90 (versus not) remained associated with higher 2-
year mortality: adjusted odds ratio (OR), 1.56; 95% confi-
dence interval (95% CI), 1.05 to 2.31 (Figure 2, Table 3).

In 10,392 patients in the LDO cohort, patients underwent
136,754 treatments during the baseline period of 30 days
(mean=13.361.3 sessions/patient) (Supplemental Figure 1B
displays the study timeline). The frequencies of IDH by dif-
ferent definitions were similar to those in the HEMO cohort
(Figure 1): 9.7% of sessions had Nadir90-defined IDH. Over-
all, 10.1% of patients experienced Nadir90-defined IDH in at
least 30% of the baseline treatments. During the subsequent 1-
year at-risk period, 1253 (12.1%) patients died.

In unadjusted analyses, IDH (by each definition) in at least
30% of sessions (versus not) was associated with 1-year
mortality; Nadir90 had the most potent association with
higher mortality: unadjusted OR, 2.10; 95% CI, 1.78 to 2.47.
After multivariable adjustment, only Nadir90 (versus not)
remained associated with higher 1-year mortality: adjusted
OR, 1.30; 95% CI, 1.07 to 1.57 (Figure 2, Tables 3).

Secondary Analyses
Corroborative time-to-death analyses with Nadir90 were
conducted in the full HEMO cohort (n=1753). There were 809
deaths, and themedian at-risk time was 2.3 years. Nadir90 in at
least 30% of sessions (versus not) was associated with higher
mortality risk: adjusted hazard ratio (HR), 1.38; 95% CI, 1.11
to 1.71. Associations between other IDH definitions and mor-
tality did not reach statistical significance. Analogous analyses
were performed in the LDO cohort. Both Nadir90 and Fall20-
Nadir90 in at least 30% of sessions (versus not) were associated
with higher mortality risk, and the magnitude of association
was greater for Nadir90: adjusted HR, 1.22; 95% CI, 1.10 to

Table 1. A priori IDH definitions

Term Definition

Nadir90 Minimum intradialytic SBP,90 mmHg
Nadir100 Minimum intradialytic SBP,100 mmHg
Fall20 (Pre-HD SBP2minimum intradialytic

SBP) $20 mmHg
Fall30 (Pre-HD SBP2minimum intradialytic

SBP) $30 mmHg
Fall20Nadir90 (Pre-HD SBP2minimum intradialytic

SBP) $20 mmHg and minimum
intradialytic SBP,90 mmHg

Fall30Nadir90 (Pre-HD SBP2minimum intradialytic
SBP) $30 mmHg and minimum intradialytic
SBP,90 mmHg

KDOQI (Pre-HD SBP2minimum intradialytic SBP)
$20 mmHg and symptoms of cramping,
headache, lightheadedness, vomiting, or
chest pain during HD

HEMO Fall in SBP resulting in intervention of UF
reduction, blood flow reduction, or
saline administration
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Table 2. Baseline characteristics of the HEMO (n=1409) and LDO (n=10,392) cohorts across binary Nadir90-defined IDH

Characteristic
HEMO Cohort LDO Cohort

(+) Nadir90 (n=167) (2) Nadir90 (n=1242) (+) Nadir90 (n=1055) (2) Nadir90 (n=9337)

Age (per 10 yr) 60.5612.8 58.2613.9 64.2613.8 61.2614.9
Women 108 (64.7%) 676 (54.4%) 548 (51.9%) 4220 (45.2%)
Black 97 (58.1%) 808 (65.1%) 330 (31.3%) 3860 (41.3%)
ICEDa a a

#1 30 (18.0%) 448 (36.1%)
2 54 (32.3%) 404 (32.5%)
3 83 (49.7%) 390 (31.4%)

Diabetes 88 (52.7%) 543 (43.7%) 644 (61.0%) 5593 (59.9%)
Heart failure 71 (42.5%) 505 (40.7%) 479 (45.4%) 4167 (44.6%)
Peripheral vascular disease 62 (37.1%) 313 (25.2%) 424 (40.2%) 4325 (46.3%)
Cerebrovascular disease 36 (21.6%) 248 (20.0%) 40 (3.8%) 283 (3.0%)
Coronary artery disease 79 (47.3%) 484 (39.0%) 163 (15.5%) 1278 (13.7%)
Vintage (yr)
#1.0 37 (22.2%) 326 (26.2%) 233 (22.1%) 2667 (28.6%)
1.1–1.9 33 (19.8%) 248 (20.0%) 137 (13.0%) 1467 (15.7%)
2.0–3.9 30 (17.9%) 291 (23.4%) 243 (23.0%) 2326 (24.9%)
$4.0 67 (40.1%) 377 (30.4%) 440 (41.7%) 2860 (30.6%)
Missing 0 0 2 (0.2%) 17 (0.2%)

Access
Graft 101 (60.5%) 752 (60.6%) 328 (31.3%) 2876 (31.0%)
Fistula 46 (27.5%) 410 (33.0%) 338 (32.3% 3486 (37.6%)
Catheter 20 (12.0%) 90 (6.4%) 382 (36.4%) 2909 (31.4%)

Post-HD weight (kg)b

Quartile 1 40 (24.0%) 313 (25.2%) 292 (27.7%) 2309 (24.7%)
Quartile 2 39 (23.4%) 313 (25.2%) 267 (25.3%) 2330 (25.0%)
Quartile 3 36 (21.5%) 316 (25.4%) 248 (23.5%) 2348 (15.1%)
Quartile 4 52 (31.1%) 300 (24.2%) 248 (23.5%) 2350 (25.2%)

Treatment time delivered (min) 213.5623.0 211.1623.0 216.5628.8 215.0628.5
UF volume (L) 2.960.9 2.960.9 2.861.2 2.761.2
Pre-HD SBP (mmHg)
#129 67 (40.1%) 114 (9.2%) 488 (46.2%) 911 (9.8%)
130–159 73 (43.7%) 665 (53.5%) 429 (40.7%) 4940 (52.9%)
$160 27 (16.2%) 463 (37.3%) 138 (13.1%) 3486 (37.3%)

Nonoliguric (.200 ml/d)a 10 (6.0%) 140 (11.3%) a a

Albumin (g/dl)
#2.9 7 (4.2%) 45 (3.6%) 97 (9.2%) 425 (4.6%)
3–3.9 150 (89.8%) 1026 (82.6%) 595 (56.4%) 5048 (54.1%)
$4 10 (6.0%) 171 (13.8%) 359 (34.0%) 3795 (40.6%)
Missing 0 0 4 (0.4%) 69 (0.7%)

Hematocrita (%) 33.864.5 33.164.2 a a

Hemoglobina (g/dl) a a 12.161.4 12.261.4
Hospitalized during exposure
periodc

61 (36.5%) 376 (30.3%) 332 (31.5%) 2811 (30.1%)

b-Blocker use 30 (18.0%) 362 (29.2%) 89 (8.5%) 839 (9.0%)
Calcium channel blocker 49 (29.3%) 643 (51.8%) 84 (8.0%) 964 (10.3%)
Renin-angiotensin system blocker
use

27 (16.2%) 314 (25.3%) 98 (9.3%) 910 (9.8%)

Nitrate use 33 (19.8%) 221 (17.8%) 33 (3.1%) 275 (3.0%)
a-Blocker use 3 (1.8%) 76 (6.1%) 1 (0.1%) 120 (1.3%)
Other antihypertensive use 14 (8.4%) 306 (24.6%) 80 (7.6%) 940 (10.1%)
High Kt/V groupa 86 (51.5%) 623 (50.2%) a a
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1.35 for Nadir90 and HR, 1.14; 95% CI, 1.02 to 1.27 for Fall20-
Nadir90.

Toexaminedose response,we categorizedpatients ashaving
,5%, 6%–29%, 30%–49%, and$50% of baseline treatments
with Nadir90-defined IDH. Compared with,5% treatments,
higher frequency of Nadir90-defined IDH was incremental-
ly associated with greater 2-year mortality (P trend=0.02)
(Figure 3).

Additionally, we investigated whether
adding criteria for intradialytic symptoms
(cramping, headache, lightheadedness,
vomiting, or chest pain) or intervention
(fluid bolus administration, UF reduction,
or blood flow reduction) to Nadir90 altered
the association with mortality. No as-
sociations between Nadir90+symptoms or
Nadir90+intervention and outcome were
observed in adjusted analyses (Table 3).

Finally, we examined IDH definition–
mortality associations across pre-HD SBP
strata of#129, 130–159, and$160 mmHg
in the LDO cohort. Restriction subgroup
analyses showed differences in Nadir90–
mortality associations across strata
(P interaction=0.02). In stratified analyses,
Nadir90 in at least 30% of sessions (versus
not) was most potently associated with 1-
year mortality in the #129- and 130–159-
mmHg SBP strata. In the $160-mmHg
pre-HD SBP strata, Nadir100 (versus not)
wasmost potently associated withmortality
(Table 4). To investigate the association of
greater SBP falls during dialysis, we exam-
ined the association of 1-year mortality and
10-mmHg incremental increases in SBP fall
across pre-HD SBP strata; no associations
between greater SBP falls and outcomewere
observed (Table 4).

DISCUSSION

There is no consensus evidence-based definition of IDH. As a
result, the existing evidence base is fraught with many
definitions, rendering data synthesis impossible. Our analysis
shows that an absolute intradialytic nadir SBP,90 mmHg is
most potently associated with mortality; this association was
consistent across pre-HD SBP strata of #129 and 130–159

Table 2. Continued

Characteristic
HEMO Cohort LDO Cohort

(+) Nadir90 (n=167) (2) Nadir90 (n=1242) (+) Nadir90 (n=1055) (2) Nadir90 (n=9337)

equilibrated Kt/Va a a

,1.2 209 (19.8%) 2152 (23.0%)
$1.2 812 (77.0%) 6850 (73.4%)
Missing 34 (3.2%) 335 (3.6%)

High-flux groupa 91 (54.5%) 613 (49.4%) a a

Positive (+) IDHdefined asmeeting theNadir90 defined IDHdefinition (minimum intradialytic SBP,90mmHg) in$30%of exposure period dialysis sessions. Values
are presented as mean (SD) or n (%).
aNot available in both cohorts.
bHEMOcohort (quantile 1:#62.7, quantile 2: 62.8–74.1, quantile 3: 74.2–89.1, quantile 4:$89.2 kg); LDOcohort (quantile 1:#58.7, quantile 2: 58.8–67.7, quantile
3: 67.8–78.1, quantile 4: $78.2).
cMissed HD sessions used as a surrogate for hospitalizations in LDO cohort.

Figure 1. Frequency of IDH was similar across both cohorts. Frequency of IDH was
defined by the number of dialysis sessions with events meeting the specified IDH defi-
nition divided by the total number of dialysis treatments in the baseline period. Fall20,
(pre-HD SBP2minimum intradialytic SBP) $20 mmHg; Fall20Nadir90: (pre-HD SBP2
minimum intradialytic SBP) $20 mmHg and minimum intradialytic SBP,90 mmHg;
Fall30, (pre-HD SBP2minimum intradialytic SBP) $30 mmHg; Fall30Nadir90, (pre-HD
SBP2minimum intradialytic SBP)$30 mmHg and minimum intradialytic SBP,90 mmHg;
HEMO, fall in SBP resulting in intervention of UF reduction, blood flow reduction, or
saline administration; KDOQI, (pre-HD SBP 2 minimum intradialytic SBP) $20 mmHg
and symptoms of cramping, headache, lightheadedness, vomiting, or chest pain during
HD; Nadir90, minimum intradialytic SBP,90 mmHg; Nadir100, minimum intradialytic
SBP,100 mmHg. aHEMO and KDOQI definitions of IDH could not be assessed in the
LDO cohort because of the lack of symptom and intervention data in this cohort.
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mmHg. Intradialytic nadir SBP,100 mmHg was most
strongly associated with mortality in the pre-HD SBP strata
of$160 mmHg. The data suggest a dose–response relationship
between Nadir90 and mortality: greater frequency of Nadir90-
defined IDH is associated with incrementally greater mortality
risk. In our analysis, IDH definitions on the basis of intradia-
lytic SBP fall, symptoms, and interventions without consider-
ation of the absolute nadir SBPwere not significantly associated
with outcome. Finally, adding symptom and intervention cri-
teria to nadir SBP definitions did not augment their strengths
of association with mortality.

Prior observational studies have shown inconsistent asso-
ciations between IDH andmortality. Shoji et al.3 examined the
effect of IDH on mortality in 1206 Japanese patients and
showed that SBP fall$40 mmHg was associated with 2-year
mortality; the association persisted across pre-HD SBP strata.
Additionally, Shoji et al.3 showed that lower intradialytic nadir
SBP was associated with higher mortality. Notable limitations
to this analysis include a low death rate (6.2% per year) and
consideration of a single treatment session as the exposure.
Tisler et al.4 studied 263 Hungarian patients on HD using

time-to-event adjusted analyses and found that patients with
frequent IDH (defined as $10 episodes per 40-week run-in
period of Nadir90 or Fall30+associated symptoms and inter-
vention) had no greater mortality risk than those without
IDH. In the study by Tisler et al.,4 patients with as few as
one episode of IDH per month met the criteria for frequent
IDH, potentially leaving too little separation between the ex-
posure and control groups to detect a clinically important
difference. In contrast, our study definition required that pa-
tients meet the specified IDH definition in at least 30% of
baseline sessions to qualify as (+) IDH; for example, patients
with 13 treatments in the LDO cohort’s 4-week at-risk period
had to have four IDH episodes to qualify, nearly four times the
number required in the study by Tisler et al.4

Despite the plethora of IDH-related studies (a Pubmed
search for IDH captured 318 articles16) and common allusions
to IDH being a cardiovascular risk factor,17,18 strikingly little
data exist to inform a prognostically relevant IDH definition.
In publishing its IDH diagnostic criteria, the European guide-
lines group acknowledged that “no evidence-based recom-
mendation regarding the definition of IDH can be given.”19

Figure 2. Adjusted associations between IDH definitions and mortality in (A) the HEMO cohort and (B) the LDO cohort. Outcome for
the HEMO cohort is 2-year mortality, and outcome for the LDO cohort is 1-year mortality. IDH was defined as $30% of the exposure
period HD sessions meeting the specified definition. Multivariate logistic models for the HEMO cohort were adjusted for age (per 10
years), sex, race (black or nonblack), ICED (#1, 2, or 3), smoking status (current smoker or nonsmoker), diabetes, heart failure, is-
chemic heart disease, cerebrovascular disease, peripheral vascular disease, vintage (#0.9, 1–1.9, 2–3.9, or $4 years or missing),
access (graft, fistula, or catheter), postdialysis weight (quartiles; kilograms), delivered treatment time (minutes), albumin (#2.9, 3–
3.9, or $4 g/dl or missing), hematocrit (percentage), UF volume (liters), predialysis SBP (#129, 130–159, or $160 mmHg), residual
renal function (#200 or .200 ml/d), hospitalization during exposure period (yes or no), Kt/V group (high or low), flux group (high or
low), center, and use of a-adrenergic blocker, renin-angiotensin system blocker, b-blocker, calcium channel blocker, nitrates, or
other antihypertensives. Multivariate logistic models for the LDO cohort were adjusted for age (per 10 years), sex, race (black,
nonblack, or missing), diabetes, heart failure, ischemic heart disease, cerebrovascular disease, peripheral vascular disease, vintage
(#0.9, 1–1.9, 2–3.9, or $4 years or missing), access (graft, fistula, or catheter), postdialysis weight (quartiles; kilograms), delivered
treatment time (minutes), albumin (#2.9, 3–3.9, or $4 g/dl or missing), hemoglobin (grams per deciliter), UF volume (liters), pre-
dialysis SBP (#129, 130–159, or $160 mmHg), equilibrated Kt/V (,1.2, $1.2, or missing), missed sessions during exposure period
(0, 1, 2, or $3), and use of a-adrenergic blocker, renin-angiotensin system blocker, b-blocker, calcium channel blocker, nitrates, or
other antihypertensives.
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Lack of an evidence-based IDH definition has led to variation
in IDH definitions across studies; we identified 15 different
IDH definitions by literature review. Such wide variation ren-
ders synthesis of data across studies impossible and prevents
the development of meaningful practice recommendations.

In our analysis, we show that nadir SBP-based definitions
have greater associationswithmortality than non-nadir–based
or compound definitions. These findings challenge the oft-
cited IDH diagnostic criteria that include the presence of
symptoms and/or interventions.7,19 Our findings in this
regard may reflect provider-to-provider variability in inter-
vention thresholds and/or patient-to-patient variability in
symptom reporting. The impetus for intervention and the
choice of intervention vary from facility to facility and even
provider to provider. These practice variations introduce sub-
stantial inconsistency into IDH definitions dependent on de-
livered intervention. Similarly, patient-reported symptoms
vary widely. In one survey, Weisbord et al.20 found that
39.0% of patients reported cramping, 23.0% of patients re-
ported dizziness, and 21.0% of patients reported headache

with HD. In contrast, HD-related symp-
tom frequency wasmuch higher in another
survey, with 74.3% of patients reporting
cramping, 63.0% of patients reporting diz-
ziness, and 53.6% of patients reporting
headache.21 Such differences may result
from reporting bias but may also reflect
differences in physiology, because patients
experience symptoms at varying thresholds
of BP change and nadir. Patient symptoms
may be important factors at the individual
level, because they plausibly reflect ische-
mia, but their use in population-level def-
initions may be questionable because of
wide patient-to-patient variation.

Additionally, we were surprised to find
that incrementally larger SBP falls, inde-
pendent of nadir, were not significantly
associated with outcome. Although it is
widely held that HD patients suffer from
impaired autoregulatory responses to SBP
changes, our results may suggest that their
compensatory mechanisms are sufficiently
active until certain SBP thresholds: ,90
mmHg for pre-HD SBP ,160 and ,100
for pre-HD SBP $160 mmHg. Reduction
in blood volume to a critical nadir may be
necessary to induce enough microcircula-
tory and microcardiac ischemia to yield
reduced cardiac output and associated
mortality. Larger SBP falls that do not re-
sult in nadirs,90 mmHg may have clini-
cal relevance beyond mortality, and this
possibility should be explored in addi-
tional analyses examining associations of

IDH andmorbidities other than death. Our results suggest the
need for development of an evidence-based IDH definition
that more accurately captures IDH–morbidity and –mortality
associations.

Strengths of this study include theuse of two cohorts: (1) the
HEMO Study cohort (notable for its rigorous data collection
protocols and detailed information on intradialytic hemody-
namics, interventions, and patient symptoms) and (2) the
LDO cohort (notable for its national representation and a
robust number of HD sessions with intradialytic SBP data.
Stability in frequency of IDH definitions and IDH definition–
mortality associations across both cohorts lends credence to
our reported findings.

Our study does have important limitations. First, uncon-
trolled confounding is an inherent risk of observational
research. To minimize this risk, we adjusted our analyses for
variables plausibly associated with IDH and mortality; how-
ever, we cannot exclude the possibility of residual confounding
from these variables or unconsidered variables. Notably, pre-
HD SBP is strongly associated with outcome.22 We attempted

Figure 3. In the HEMO cohort, patients with more frequent episodes of IDH had
incrementally greater mortality in both unadjusted and adjusted analyses. Analyses
were adjusted for age (per 10 years), sex, race (black or nonblack), ICED (#1, 2, or 3),
smoking status (current smoker or nonsmoker), diabetes, heart failure, ischemic heart
disease, cerebrovascular disease, peripheral vascular disease, vintage (#0.9, 1–1.9, 2–
3.9, or $4 years or missing), access (graft, fistula, or catheter), postdialysis weight
(quartiles; kilograms), delivered treatment time (minutes), albumin (#2.9, 3–3.9, or $4
g/dl or missing), hematocrit (percentage), UF volume (liters), predialysis SBP (#129,
130–159, or $160 mmHg), residual renal function (#200 or .200 ml/d), hospitaliza-
tion during exposure period (yes or no), Kt/V group (high or low), flux group (high or
low), center, and use of a-adrenergic blocker, renin-angiotensin system blocker,
b-blocker, calcium channel blocker, nitrates, or other antihypertensives. Error bars
indicate 95% CI.
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to limit confounding of the IDH–outcome association on the
basis of pre-HD BP by stratification on pre-HD BP and in-
clusion of pre-HD SBP in our stratified multivariable models.
We cannot fully exclude the possibility of residual confound-
ing by pre-HD SBP. Second, intradialytic SBPs, intervention,
and symptom data were only available from monitored
HEMO Study sessions, which were conducted monthly. To
ensure that our IDH exposure was representative of patients’
broader HD hemodynamic experiences and reduce

misclassification error, we aggregated treatment data over a
6-month exposure period. This exposure period duration
may have imposed survivor bias; however, only 93 patients
(5.0%) were excluded for failing to survive this period,making
meaningful bias unlikely. Also, in this regard, it is reassuring
that similar findings were observed in the LDO cohort, where
only 30-day baseline survival was necessary. Third, HD hemo-
dynamic data were only available for one treatment per month
in the HEMO Study, introducing possible misclassification
bias. The consistency of IDH frequencies across the HEMO
cohort and LDO cohort (where session-to-session hemo-
dynamic data were available) provides reassurance that mis-
classification in the HEMO cohort was minimal. Fourth,
reporting bias may have influenced IDH definitions relying
on patient-reported symptoms; however, in as much as indi-
vidual patients have differing reporting thresholds; this find-
ing represents an inherent limitation of symptoms-based
IDH definitions. Fifth, because of data limitations in the
LDO cohort, we were unable to consider residual renal func-
tion as a confounder, but we did include dialytic vintage as a
partial surrogate for this variable. Also, we included residual
renal function in our HEMO cohort analyses, and outcomes
were similar across cohorts. Sixth, no data were available on
antihypertensive medication adherence or timing in either co-
hort, and therefore, we were unable to assess the influence of
these factors on IDH. Finally, there was no systematic attempt
to calibrate individual BP devices. However, any resulting bias
should have attenuated nadir-based definitions toward the
null.

In conclusion, this study shows that, among the definitions
considered, an absolute nadir intradialytic SBP,90 mmHg
was most potently associated with mortality overall, and for
subgroups of patients with pre-HD SBP, it is,160mmHg. For
patients with pre-HD SBP$160 mmHg, Nadir100 may have a
more robust mortality association. IDH defined by SBP fall
and IDH symptoms or interventions was not significantly as-
sociated withmortality, evenwhen considered across differing
pre-HD SBP strata. Additional studies are needed to confirm
findings, and prospective studies using consistent IDH defi-
nitions are needed to effectively evaluate IDH treatment and
preventive strategies.

CONCISE METHODS

Study Population and Data Collection
This study was approved by the Partners Health Care Institutional

Review Board. Study data were derived from the HEMO Study and

obtained from the National Institute of Diabetes and Digestive and

Kidney Diseases data repository and a cohort of prevalent adult

patients receiving three times per week in-center HD at one LDO.

The HEMO Study design and methods have been reported.8,23

Briefly, the HEMO Study was a 232 factorial, 15-center, randomized

trial to evaluate the outcome effects of HD dose and membrane flux.

HEMO participants were enrolled between 1995 and 2000 and ages

Table 4. Adjusted associations between IDH and 1-year
mortality across predialysis SBP strata in the LDO cohort

Definitiona
Patients

Meeting IDH
Definition n (%)

Adjusted ORb

(95% CI) for Patients
Meeting Versus
Not Meeting
IDH Definition

Pre-HD SBP#129 mmHg (6448 patients)
Nadir90 1393 (21.6%) 1.32 (1.10 to 1.57)c

Nadir100 3096 (48.0%) 1.23 (1.05 to 1.44)c

Fall20 3018 (46.8%) 1.08 (0.93 to 1.26)
Fall30 1337 (20.7%) 1.02 (0.85 to 1.23)
Fall40 440 (6.8%) 1.30 (0.98 to 1.73)
Fall50 111 (1.7%) 1.34 (0.80 to 2.23)
Fall60 35 (0.5%) 1.51 (0.61 to 3.73)
Fall30Nadir90 847 (13.1%) 1.06 (0.85 to 1.32)
Fall20Nadir90 1136 (17.6%) 1.18 (0.98 to 1.42)

Pre-HD SBP=130–159 mmHg (9759 patients)
Nadir90 1043 (10.7%) 1.28 (1.05 to 1.55)c

Nadir100 2703 (27.7%) 1.14 (0.98 to 1.31)
Fall20 8061 (82.6%) 1.03 (0.86 to 1.24)
Fall30 6176 (63.3%) 1.06 (0.92 to 1.22)
Fall40 3963 (40.6%) 1.11 (0.97 to 1.28)
Fall50 1977 (20.3%) 1.04 (0.88 to 1.22)
Fall60 766 (7.9%) 1.16 (0.92 to 1.46)
Fall30Nadir90 1041 (10.7%) 1.27 (1.05 to 1.54)c

Fall20Nadir90 1041 (10.7%) 1.27 (1.05 to 1.54)c

Pre-HD SBP$160 mmHg (8307 patients)
Nadir90 578 (7.0%) 1.08 (0.83 to 1.41)
Nadir100 1412 (17.0%) 1.29 (1.07 to 1.56)c

Fall20 7971 (96.0%) 0.78 (0.55 to 1.11)
Fall30 7386 (88.9%) 1.13 (0.88 to 1.46)
Fall40 6343 (76.4%) 1.06 (0.88 to 1.28)
Fall50 5039 (60.7%) 1.13 (0.96 to 1.33)
Fall60 3659 (44.1%) 1.13 (0.96 to 1.32)
Fall30Nadir90 578 (7.0%) 1.13 (0.86 to 1.48)
Fall20Nadir90 578 (7.0%) 1.13 (0.86 to 1.48)

aPositive (+) IDH defined as nadir SBP,90 mmHg in $30% of exposure pe-
riod dialysis sessions (versus not).
bMultivariate logistic models were adjusted for age (per 10 years), sex, race
(black, nonblack, or missing), diabetes, heart failure, ischemic heart disease,
cerebrovascular disease, peripheral vascular disease, vintage (#0.9, 1–1.9,
2–3.9, or$4 years or missing), access (graft, fistula, or catheter), postdialysis
weight (quartiles; kilograms), delivered treatment time (minutes), albumin
(#2.9, 3–3.9, or $4 g/dl or missing), hemoglobin (grams per deciliter), UF
volume (liters), predialysis SBP (millimetersHg), equilibratedKt/V (,1.2,$1.2,or
missing), missed sessions during exposure period (0, 1, 2, or$3), and use of
a-adrenergic blocker, renin-angiotensin system blocker, b-blocker, calcium
channel blocker, nitrates, and other antihypertensives.
cP value,0.05.
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18–80 years. Patients were followed until death or December of 2001

and censored at the time of kidney transplant. Notable HEMO ex-

clusion criteria included severe heart failure, unstable angina pecto-

ris, and albumin#2.6 g/d. Supplemental Figure 1A displays our study

timeline. For this analysis, we excluded patients who did not survive

the baseline exposure period of prerandomization time+4 months

(n=93) and patients who were transplanted or transferred facilities

and thus, had ,2 years of potential follow-up time barring death

(n=344), resulting in 1409 patients. Corroborative time-to-event

analysis was conducted in the full cohort of patients who survived

the baseline exposure period (n=1753).

The LDO cohort was derived from 12,417 patients on prevalent

three timesperweek in-centerHDdialyzing at oneLDObetween2005

and 2008. Patients were followed until death or February of 2009.

Patients were dialyzed at 1 of 1263 United States ambulatory dialysis

facilities located in diverse geographic regions. Supplemental Figure

1B displays our study timeline. We excluded patients who did not

survive the 30-day exposure period (n=24) and patients who re-

mained alive but had ,1 year of follow-up time kidney because of

transplant, care transfer, or dialysis modality change (n=2021), re-

sulting in 10,392 patients.

For theHEMOcohort, all datawereobtainedbypatient interviews,

medical chart reviews, and self-reported questionnaires per HEMO

protocols; HEMO data collection methods have been previously

reported.8,24 For the LDO cohort, all data were obtained from the

electronic medical record of the LDO and collected according to

standard protocols as previously reported.24–26

Designation of Exposures and Outcome
The exposures of interest were differing IDH definitions selected

a priori on the basis of prominent definitions identified by literature

review (Table 1). In the HEMO cohort, IDH was considered for a

baseline period, including treatments incurred during the preran-

domization period and the 4 months after randomization. More fre-

quent HD session data were available in the LDO cohort, and

therefore, a 30-day exposure period was selected to minimize survi-

vor bias. To account for differences in follow-up time across patients

in both cohorts, we divided the number of HD sessions meeting the

specified IDH definition by the total number of HD sessions during

the exposure period in which IDH defining criteria (intradialytic

SBPs, interventions, and symptoms) were considered.

For the HEMO IDH definition, an episode of IDH was defined by

an affirmative response to the following question from themonitored

HD sessions: “Was there hypotension requiring saline infusion, low-

ering of the UF rate, or reduced blood flow?” Because the percentage

of HD sessions with HEMO-defined IDH was asymmetrically dis-

tributed, we divided the HEMO IDH definition exposure into quar-

tiles and identified the 75th percentile ($30% of exposure HD

sessions meeting the definition); patients were then dichotomized

on the basis of whether they had met the HEMO-defined IDH at least

this number of times. For the KDOQI IDHdefinition, an episode of IDH

was defined as pre-HD SBP 2minimum intradialytic SBP$20 mmHg

+intradialytic symptoms of cramping, headache, lightheadedness, vom-

iting, or chest pain as recorded on the symptom assessment form.7 Ad-

ditional a priori IDH definitions are shown in Table 1.

To foster interpretability and consistency, a 30% cutpoint of total

exposure period HD sessions with events meeting the specified IDH

definition was applied to all IDH definitions. This dichotomization

threshold was supported by literature precedent1,27 and felt to be

clinically meaningful. Patients with $30% exposure period HD ses-

sions meeting the individually specified IDH definition were classi-

fied as (+) IDH, and patients notmeeting the specified IDHdefinition

in$30% of sessions were classified as (2) IDH (the referent group).

Lack of symptom and intervention data precluded the examination of

HEMO and KDOQI IDH definitions in the LDO cohort. SBP were

recorded pre- andpost-HD in a seatedpositionusing automateddevices

per routine practice. Intradialytic SBPs were machine-measured in the

seated position and typically occurred every 30minutes during all treat-

ment sessions.

The outcome of interest was 2-year all-cause mortality in the

HEMO cohort and 1-year mortality in the LDO cohort. A shorter risk

period in the LDO cohort was selected because of limited available

follow-up data and desire to maximize the cohort size.

Statistical Analyses
Analyses were performed with STATA 12.0MP (College Station, TX).

Baseline subject characteristics were described as counts and pro-

portions for categorical variables and means and SDs for continuous

variables. Bivariable comparisons across IDH categories were made

using chi-squared and t tests.

In the primary analyses, ORs for 2-year mortality (in the HEMO

cohort) and 1-year mortality (in the LDO cohort) across binary IDH

definitions were estimated by fitting logistic regression models.

Model covariates were selected as those variables hypothesized to

be associated with IDH and/or mortality. In the HEMO cohort,

multivariable models were adjusted for age (per 10 years); sex; race

(black versus nonblack); comorbidities (diabetes, heart failure,

peripheral vascular disease, cerebrovascular disease, coronary artery

disease, IndexofCoexistentDisease [ICED], and smoking status);HD

factors, including vascular access type (graft,fistula, or catheter), post-

HD weight (quartiles; kilograms), treatment time (minutes), and UF

volume (liters); laboratory values (albumin [#1.9, 3–3.9, or$4 g/dl]

and hematocrit [percentage]); residual urine output (#200 versus

.200 ml/d); hospitalization during the exposure period; anti-

hypertensive medication use (b-blocker, calcium channel blocker,

renin-angiotensin system blocker, nitrate, a-blocker, or other anti-

hypertensives); intervention group (high- or standard-dose HD and

high- or low-flux membrane); and clinical center. Postweight, treat-

ment time, UF volume, pre-HD SBP, and laboratory values were

considered as mean values during the exposure period. Missing val-

ues (smoking [n=2], hematocrit [n=3], and residual urine output

[n=16]) were multiply imputed in five replicates using the outcome

as a predictor for imputation.

In the LDO cohort, analogous variables were used with the

exception of residual urine output, ICED, and smoking, which were

not available. EquilibratedKt/V (,1.2 versus$1.2;missing)was used

in place of dose randomization group; flux randomization group was

nonapplicable. Center was not included because of the large number

of centers (n=1263) in the cohort. Missed sessions (0, 1, 2, and $3)

were used as a surrogate for hospitalization. In both cohorts, the
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specification of continuous covariates (linear versus categorical) was

guided by each covariate’s association with outcome. Individual lo-

gistic model fit was examined by Hosmer–Lemeshow testing. Two-

tailed P values,0.05 were considered significant.

The Nadir90–mortality association was further explored by anal-

ysis of time to death with a Cox proportional hazards model. The

proportionality assumption was confirmed by Schoenfeld residual

testing. Given the duration of follow-up, the need for time-updated

analyses was evaluated by examining IDH frequency over increments

of follow-up time. IDH frequencies remained stable over time, and

therefore, time-updated analyses were not performed. To examine

for a dose–response relationship between IDH and outcome,

Nadir90-defined IDH was considered as a categorical exposure

(,5%, 6%–29%, 30%–49%, and $50% of sessions with IDH); cat-

egory thresholds were selected to maximize clinical application. The

incremental mortality effects of adding the presence of IDH symp-

toms and the presence of intervention to the IDH definition Nadir90

were explored (separately) through logistic models with expanded

IDH definition criteria. Given the small number of patients who met

the Nadir90+symptoms-defined IDH and Nadir90+intervention-

defined IDH in $30% of sessions, we examined the associations

considering the top tertile of each exposure and 2-year mortality.

No statistically significant associations were observed (data not shown).

Effect modification of the IDH–mortality association on the basis

of pre-HD SBP was evaluated using likelihood ratio testing of nested

models that did and did not include two-way crossproduct terms.

IDH definition–mortality associations were then considered across

strata of pre-HD SBP in the LDO cohort. Small numbers within pre-

HD SBP strata precluded a parallel analysis in the HEMO cohort.

Multivariate logistic models stratified by pre-HD SBPwere analogous

to those in the primary analyses and further adjusted for mean ex-

posure period pre-HD SBP to account for residual confounding in-

troduced by strata width.
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