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ABSTRACT
Identifying potential modifiable risk factors to reduce the incidence of vascular access thrombosis in
hemodialysis could reduce considerable morbidity and health care costs. We analyzed data from a subset
of 1426 HEMO study subjects to determine whether more frequent intradialytic hypotension and/or
lower predialysis systolic BP were associated with higher rates of vascular access thrombosis. Our
primary outcome measure was episodes of vascular access thrombosis occurring within a given 6-month
period during HEMO study follow-up. There were 2005 total episodes of vascular access thrombosis
during a median 3.1 years of follow-up. The relative rate of thrombosis of native arteriovenous fistulas
for the highest quartile of intradialytic hypotension was approximately twice that of the lowest quartile,
independent of predialysis systolic BP and other covariates. There was no significant association of
intradialytic hypotension with prosthetic arteriovenous graft thrombosis after multivariable adjustment.
Higher predialysis systolic BP was associated with a lower rate of fistula and graft thrombosis, independent of intradialytic hypotension and other covariates. In conclusion, more frequent episodes of intradialytic hypotension and lower predialysis systolic BP associate with increased rates of vascular access
thrombosis. These results underscore the importance of including vascular access patency in future
studies of BP management in hemodialysis.
J Am Soc Nephrol 22: 1526 –1533, 2011. doi: 10.1681/ASN.2010101119

Vascular access is often referred to as the “Achilles’
heel” of patients on maintenance hemodialysis,
given the complications with its creation and maintenance. Problems associated with vascular access
can cause considerable morbidity, including inadequate dialysis and exposure to additional invasive
procedures such as temporary catheter placement and
angioplasty.1 In 2007, Medicare spending on ESRD
neared $24 billion,2 with an estimated $1.8 billion
spent annually on vascular access care alone.3 Finding
potential modifiable risk factors to target to reduce the
incidence of vascular access thrombosis is therefore
imperative.
Native arteriovenous fistulas and prosthetic arteriovenous grafts are the two main types of permanent vascular accesses. Thrombosis is the most
common cause of secondary vascular access failure
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(i.e., failure of functioning vascular access) and is
associated with luminal stenosis in 60% to 80% of
cases.1,4,5 However, because 20% to 40% of cases of
access thrombosis occur in the absence of stenosis,
and because not all stenotic accesses thrombose,
other factors must contribute to access thrombosis.
Among other factors, low-flow states secondary to
low BP and hemoconcentration secondary to largeReceived October 31, 2010. Accepted March 21, 2011.
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volume ultrafiltration have been proposed to precipitate access
thrombosis.1,6 These putative causes of access thrombosis
make intuitive sense, but few studies have actually examined
these factors in a systematic manner.
The HEMO study was a multicenter randomized clinical
trial of dialysis dose and membrane flux in prevalent patients
on hemodialysis in the United States, with detailed information on comorbid conditions and vascular access complications collected for the duration of the study.7,8 We conducted a
secondary analysis of data from the HEMO study to test the
hypothesis that subjects with more frequent episodes of intradialytic hypotension or lower predialysis BP would have higher
rates of vascular access thrombosis compared with subjects
with fewer episodes of intradialytic hypotension or higher predialysis BP. We also hypothesized that more frequent episodes
of large-volume ultrafiltration, perhaps by causing hemoconcentration, would be associated with higher rates of vascular
access thrombosis.

RESULTS

In our cohort of 1426 subjects followed for a median of 3.1
years (interquartile range [IQR] 1.8 to 4.7 years), there were a
total of 2005 episodes of vascular access thrombosis. There was
a median of 12.5% (IQR 0% to 28.6%) of dialysis sessions with
episodes of intradialytic hypotension and 22% (IQR 0% to
44.4%) of dialysis sessions with episodes of large-volume ultrafiltration during the entire follow-up period. Overall, 55.0%
of the cohort had zero episodes, 25.5% had one episode, 11.4%
had two episodes, and 8.1% had three or more episodes of
vascular access thrombosis. A significantly smaller proportion
of subjects with a baseline fistula had episodes of vascular access thrombosis than subjects with a baseline graft (Figure 1).
Baseline demographic and other characteristics are shown
in Table 1. Subjects in higher quartiles of intradialytic hypotension during the period from baseline to 4 months were older; more often female; used grafts more often than fistulas; and
had a higher prevalence of diabetes mellitus, ischemic heart
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disease, congestive heart disease, and peripheral vascular disease. Subjects in higher quartiles of intradialytic hypotension
also tended to have lower baseline predialysis diastolic BP
(DBP), lower postdialysis systolic BP (SBP) and DBP, and
lower minimum recorded SBP and DBP.
Intradialytic Hypotension and Vascular Access
Thrombosis

The association of vascular access thrombosis and intradialytic
hypotension varied significantly by baseline vascular access
type (P value for interaction ⫽ 0.04). We therefore present
results stratified by baseline access type (fistulas versus grafts).
In unadjusted analyses, intradialytic hypotension was strongly
associated with fistula thrombosis (P ⫽ 0.0092); subjects with
fistulas at baseline in the highest quartile of intradialytic hypotension had a risk of fistula thrombosis that was 2.45 times that
of subjects with fistulas in the lowest quartile of intradialytic
hypotension (95% confidence interval [CI] 1.55 to 3.87). Similarly, intradialytic hypotension was associated with graft
thrombosis (P ⫽ 0.043); subjects with grafts at baseline in the
highest quartile of intradialytic hypotension had a rate of graft
thrombosis that was increased by 26% (95% CI 6% to 50%)
relative to subjects in the lowest quartile of intradialytic hypotension. After multivariable adjustment, the association between intradialytic hypotension and access thrombosis was attenuated for fistulas and no longer statistically significant for
grafts (Table 2, Figure 2).
BP Parameters and Vascular Access Thrombosis

In separate models, lower pre- and postdialysis SBP were associated with higher relative rates of vascular access thrombosis
(Table 3) after adjustment for intradialytic hypotension.
There was no evidence that associations of pre- or postdialysis SBP and vascular access thrombosis varied by baseline
access type (P values for interaction ⬎0.10). Similar associations were observed for pre- and postdialysis DBP and mean arterial pressure (MAP), although these were not always statistically
significant.
Large-Volume Ultrafiltration and Vascular Access
Thrombosis

Figure 1. Vascular access thrombosis is more frequent with grafts
than with fistulas.
J Am Soc Nephrol 22: 1526 –1533, 2011

The frequency of episodes of large-volume ultrafiltration
was directly correlated with the frequency of episodes of
intradialytic hypotension, but the magnitude of the association was relatively low (Spearman  ⫽ 0.10, P ⫽ 0.0003).
However, large-volume ultrafiltration was not significantly
associated with vascular access thrombosis in unadjusted or
fully adjusted models (P ⫽ 0.79 and 0.60, respectively). For
example, in multivariable-adjusted models, subjects in the
highest quartile of large-volume ultrafiltration had a 1.01
(95% CI 0.80 to 1.27) higher relative rate of access thrombosis compared with patients in the lowest quartile. There
was no evidence that the association of large-volume ultrafiltration and vascular access thrombosis varied by baseline
access type (P value for interaction ⫽ 0.20).
Hypotension and Access Thrombosis
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Table 1. Baseline demographic and other characteristics of the HEMO study cohort in the study presented here
Baseline Characteristic

Quartile of Percent of Kinetic Modeling Sessions with Intradialytic Hypotension during
the Period from Baseline to 4 Months
Q1 n ⴝ 529

Age, years, mean (SD)
Female sex, %
Black race, %
Arteriovenous access type, %
fistula
graft
Current smoker, %
Past medical history, %
diabetes mellitus
ischemic heart disease
congestive heart failure
peripheral vascular disease
Medication use, %
aspirin
warfarin
angiotensin converting enzyme inhibitor
calcium channel blocker
erythropoietin
Years on dialysis, median (IQR)
Serum albumin, g/dl, mean (SD)
Hematocrit (%)
Predialysis (mmHg)
SBP (SD)
DBP (SD)
Postdialysis (mmHg)
SBP (SD)
DBP (SD)
Dialysis session minimum (mmHg)
SBP (SD)
DBP (SD)
a

Q2 n ⴝ 205

Q3 n ⴝ 319

Q4 n ⴝ 365

Pa
⬍0.0001
⬍0.0001
0.06
⬍0.001

56.0 (14.6)
44.6
61.4
43.7
56.3

55.4 (14.8)
56.1
68.1
36.1
63.9

59.2 (12.7)
58.9
64.6
34.2
65.8

59.0 (13.0)
66.6
68.2
28.0
72.0

20.8

13.2

17.6

13.4

0.01

32.7
30.1
32.7
18.5

38.1
37.6
38.5
24.4

48.6
39.2
38.6
27.3

55.1
46.6
44.1
27.7

⬍0.0001
⬍0.0001
0.0007
0.0005

22.3
7.9
22.7
50.5
89.4
2.4 (1.0 to 4.7)
3.7 (0.3)
33.7 (4.5)

31.2
11.2
28.3
53.2
89.3
2.2 (1.1 to 5.4)
3.7 (0.4)
33.3 (4.6)

29.8
6.9
24.1
47.3
90.6
1.8 (0.8 to 4.3)
3.6 (0.3)
33.7 (4.3)

29.9
9.9
24.4
49.6
91.5
2.2 (1.0 to 4.9)
3.6 (0.3)
33.8 (4.6)

0.009
0.6
0.7
0.6
0.3
0.8
⬍0.0001
0.7

152 (21)
83 (13)

152 (22)
84 (13)

154 (22)
82 (12)

152 (23)
80 (13)

0.7
0.001

141 (22)
77 (13)

138 (21)
76 (12)

138 (22)
74 (12)

132 (19)
71 (10)

⬍0.0001
⬍0.0001

126 (18)
72 (11)

122 (18)
71 (11)

119 (17)
67 (10)

108 (16)
61 (11)

⬍0.0001
⬍0.0001

Calculated using two-sided Cochran–Armitage trend test or linear regression as appropriate.

Other Factors Associated with Vascular Access
Thrombosis

Table 2 shows the results of multivariable adjusted models after stratifying by baseline access type. Older age was associated
with a lower rate of fistula thrombosis. Female sex and black
race were not associated with fistula or graft thrombosis. Subjects randomized to high-flux dialyzer membranes had a
higher rate of fistula thrombosis compared with subjects randomized to low-flux dialyzer membranes. These associations
were not observed for subjects with grafts. For all subjects regardless of baseline vascular access type, lower baseline serum
albumin concentration was associated with higher rates of vascular access thrombosis. Mean predialysis hematocrit was not
associated with vascular access thrombosis.

sis, although the association was not statistically significant (P
value for interaction ⫽ 0.088). Subjects with fistulas or grafts in
the highest quartile of intradialytic hypotension had a rate of
access thrombosis that was 1.25 times higher than that of subjects in the lowest quartile of intradialytic hypotension (95%
CI 1.04 to 1.51). Additional companion analyses that adjusted
for baseline use of aspirin, warfarin, angiotensin converting
enzyme inhibitors, and calcium channel blockers did not materially change our results. For example, with additional adjustment for baseline medication use, the relative rate of fistula
thrombosis for subjects in the highest quartile of intradialytic
hypotension was 2.02 times higher than subjects in the lowest
quartile (95% CI 1.21 to 3.38).

Companion Analyses

DISCUSSION

Of the 1426 subjects in our analysis, 94 (6.6%) had a change in
access type from baseline. In a companion analysis that adjusted for vascular access type as a time-varying covariate,
there was some evidence of an interaction between vascular
access type and intradialytic hypotension on access thrombo-

Our analysis shows for the first time that intradialytic hypotension is significantly associated with arteriovenous fistula (but
not prosthetic graft) thrombosis in patients on hemodialysis.
We anticipated that our results would differ by access type

1528

Journal of the American Society of Nephrology

J Am Soc Nephrol 22: 1526 –1533, 2011

www.jasn.org

CLINICAL EPIDEMIOLOGY

Table 2. Multivariable-adjusted negative binomial regression showing the association of each parameter with the relative
rate of vascular access thrombosis stratified by baseline access type
Parameter
Quartile of intradialytic hypotensiona
Q1
Q2
Q3
Q4
Age (per 10-year increase)
Female gender (versus male)
Black race (versus nonblack)
Current smoker (versus no)
Past medical history (versus none)
diabetes mellitus
ischemic heart disease
congestive heart failure
peripheral vascular disease
Hospitalized during the assessment period (versus no)
Predialysis SBP (per 1-SD increase)
Serum albumin (per 0.1-g/dl increase)
Hematocrit (per 1% increase)
Randomization group
high versus conventional dose
high versus low flux

Fistulas

Grafts

RR

95% CI

P

RR

95% CI

P

1.00
1.06
1.41
2.02
0.85
0.74
1.29
1.07

Reference
0.48 to 2.33
0.96 to 2.08
1.22 to 3.35
0.73 to 0.99
0.49 to 1.12
0.82 to 2.03
0.65 to 1.74

–
0.88
0.08
0.0063
0.032
0.15
0.27
0.80

1.00
1.28
1.02
1.11
0.99
0.93
1.17
1.03

Reference
0.95 to 1.73
0.87 to 1.18
0.92 to 1.34
0.92 to 1.06
0.77 to 1.12
0.96 to 1.44
0.78 to 1.35

–
0.11
0.82
0.27
0.71
0.43
0.12
0.86

0.98
0.75
1.22
1.51
1.26
0.92
0.92
0.98

0.61 to 1.56
0.49 to 1.14
0.82 to 1.82
0.93 to 2.46
0.91 to 1.75
0.74 to 1.15
0.87 to 0.97
0.98 to 1.03

0.93
0.18
0.32
0.094
0.17
0.45
0.0037
0.48

1.13
0.92
0.92
1.14
1.12
0.88
0.96
1.00

0.94 to 1.35
0.76 to 1.11
0.75 to 1.12
0.93 to 1.39
0.98 to 1.29
0.80 to 0.97
0.93 to 0.98
0.98 to 1.01

0.20
0.37
0.40
0.20
0.61
0.0099
0.0014
0.51

0.96
1.45

0.66 to 1.39
1.01 to 2.10

0.83
0.046

1.09
1.03

0.91 to 1.30
0.86 to 1.22

0.36
0.78

Analyses adjusted for all variables listed in the table, as well as clinical center. RR, relative rate.
a
Global P value for fistulas ⫽ 0.069; grafts ⫽ 0.41.

because the anatomical configurations and hence hemodynamics of fistulas and grafts differ greatly. Fistulas require only
one surgical anastomosis, are almost entirely endothelialized,
and once mature do not often thrombose. In our analysis, over

75% of patients dialyzing with fistulas at baseline had no
thrombosis events for the duration of follow-up. Why then did
we demonstrate a more robust association of intradialytic hypotension with fistula rather than graft thrombosis? We hypothesize that fistulas, being relatively thrombosis resistant,
may require more extreme hemodynamic derangements such
as those caused by repeated episodes of intradialytic hypotension to thrombose. In contrast, grafts are composed of unendothelialized foreign material, attracting macrophages
that release various cytokines, such as vascular endothelial
growth factor, fibroblast growth factor, and PDGF.9 Therefore, grafts are inherently thrombogenic even in stable hemodynamic settings, and intradialytic hypotension would
have minimal contribution to the graft’s intrinsically high
risk of thrombosis.
Our analysis also shows that lower pre- and postdialysis SBP
Table 3. Multivariable-adjusted relative rates of vascular
access thrombosis by blood pressure parameter

Figure 2. Subjects with more frequent episodes of intradialytic
hypotension are more likely to experience vascular access
thrombosis. Analyses adjusted for age, sex, black race, current
smoking, diabetes mellitus, ischemic heart disease, congestive
heart failure, peripheral vascular disease, hospitalization, serum albumin, hematocrit, mean predialysis SBP, intervention
group, and clinical center. Error bars indicate 95% CIs. Ref,
reference group. *P ⫽ 0.0063 versus quartile 1 (Q1).
J Am Soc Nephrol 22: 1526 –1533, 2011

Predialysis

Postdialysis

Per SD
increase

RR

95% CI

P

RR

95% CI

P

SBP
DBP
MAP

0.89
0.92
0.90

0.81 to 0.97
0.83 to 1.01
0.83 to 0.98

0.0089
0.066
0.017

0.91
0.92
0.92

0.83 to 1.00
0.84 to 1.02
0.85 to 1.00

0.028
0.087
0.034

Analyses adjusted for age, sex, black race, current smoking, diabetes
mellitus, ischemic heart disease, congestive heart failure, peripheral vascular
disease, serum albumin concentration, hematocrit, hospitalization, baseline
access type, quartile of intradialytic hypotension, baseline access ⫻
intradialytic hypotension interaction, intervention group, and clinical center.

Hypotension and Access Thrombosis
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are associated with a higher rate of access thrombosis, regardless of baseline access type, which is consistent with previous
studies.10,11 Lower BP may lead to decreased access blood flow,
which has been shown to independently predict subsequent
access thrombosis.5 Moreover, achievement of the current recommended target BP is associated with higher rates of intradialytic hypotension.12 Importantly, lower BP and intradialytic
hypotension are two potentially modifiable risk factors for access thrombosis and may account for at least some of the 20%
to 40% of access thromboses that occur in the absence of obvious structural abnormalities. Relatively higher BP targets
may be preferred in patients with known stenosis in their vascular accesses, recent intervention, or other characteristics of
increased access thrombosis risk. However, our observational
analysis cannot establish causation, and an alternative explanation may be that intradialytic hypotension and lower BP,
predictors of mortality in hemodialysis,13–16 may be markers of
other comorbid conditions that predispose to access thrombosis. Accordingly, lower baseline serum albumin concentration,
a marker of inflammation, malnutrition, and higher mortality
risk in hemodialysis,17 was also significantly associated with
higher rates of access thrombosis in our analysis.
We hypothesized that large-volume ultrafiltration could
cause postdialysis hemoconcentration and increase the risk of
access thrombosis. However, our analyses did not show an
association between more frequent large-volume ultrafiltration and vascular access thrombosis. The HEMO study did not
have information on postdialysis hematocrit, so whether subjects with large-volume ultrafiltration had actual elevations in
their postdialysis hematocrit levels was not known. Large-volume ultrafiltration was only weakly associated with intradialytic hypotension in our analysis, which is consistent with a
previous study that demonstrated no correlation between the
reduction in relative plasma volume and intradialytic hypotension.18 The development of intradialytic hypotension is a complex process that depends on more than just the volume of
ultrafiltration because susceptible patients may have an individualized threshold ultrafiltration volume19 in addition to
other factors such as impaired arteriolar tone, left ventricular
dysfunction, and autonomic instability.20 –22
We did not show a significant association of sex, current
smoking, or diabetes mellitus on the relative rates of access
thrombosis, consistent with several previous studies.11,23–26 Interestingly, for patients with fistulas, older age was associated
with lower rates of fistula thrombosis (15% lower rate per 10year increment in age); we observed no association of age with
graft thrombosis. These results contrast with those reported by
Saran et al., who showed that older age was associated with a
decreased risk of graft, but not fistula thrombosis.25 Overall,
the relation of age with vascular access failure has been mixed,
with some studies showing a detrimental association of older
age24,27 and several others showing no significant relation of
age11,23,28,29 with access failure. One reason for the differences
may be that most of the other studies were performed in incident hemodialysis patients and examined only time to the first
1530
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access failure, whereas our analysis compared rates of access
thrombosis in prevalent patients followed over several years.
Our analysis demonstrated a significant association of highflux membranes with increased risk of fistula thrombosis as
compared with low-flux membranes. These results should be
interpreted with caution because we did not adjust for multiple
comparisons; moreover, the HEMO study showed no effect of
dialyzer membrane flux on overall survival7 and a lower risk of
cardiac death in subjects randomized to high-flux membranes.30 In addition, the Membrane Permeability Outcomes
study, a randomized trial of high- versus low-flux membranes
in incident hemodialysis patients, demonstrated superior survival of the high-flux membrane group.31 However, given that
no studies have specifically examined the effect of dialyzer
membrane flux on vascular access thrombosis, the effects of
membrane flux on vascular access thrombosis may warrant
further examination.
Our analysis has several limitations. First, because we only
had information from a single monitored dialysis session to
represent all of the dialysis sessions in a given month, there may
have been inaccuracies in the BP measurements or assessment
of intradialytic hypotension. We chose to aggregate the information on intradialytic hypotension over a 6-month period
before the period in which access thrombosis was assessed to
leverage more of the data, reduce the risk of exposure misclassification, and ensure that the exposure preceded the outcome.
In so doing, we assumed that the frequency of intradialytic
hypotension from the prior time period was a reasonable surrogate for episodes of intradialytic hypotension more proximal
to the access thrombosis event but also lengthened the period
of time between the exposure and outcome. However, the prolonged period of time would have weakened the association
between intradialytic hypotension and vascular access thrombosis, and so our results are likely a conservative estimate of the
true association. Second, we did not have information on the
vascular access before randomization such as when it was created, baseline flow rates through the access, and if the access
had already required prior intervention, which strongly predict future access failures.25,26 Lack of data on access flow and
vascular access anatomy limited our ability to identify potential mechanisms by which intradialytic hypotension contributes to vascular access thrombosis, such as through progression of prior areas of stenosis or the development of de novo
areas of stenosis. Third, we did not have data on the exact time
to access thrombosis, thereby precluding survival analysis.
However, we were able to use alternative statistical methods to
incorporate all available information on vascular access
thrombosis and examine the relative rates of access thrombosis
over the entire follow-up period. Fourth, we did not have information regarding heparin or erythropoietin dosing, which may
influence access thrombosis.32 However, we were able to adjust
for time-varying predialysis hematocrit. Finally, information on
access thrombosis was collected according to medical record or
patient recall and may have been susceptible to recall bias.
In conclusion, our analysis shows that more frequent epiJ Am Soc Nephrol 22: 1526 –1533, 2011
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sodes of intradialytic hypotension are associated with increased relative rates of arteriovenous fistula thrombosis. Current clinical practice already dictates avoidance of intradialytic
hypotension, and our results add another item to the growing
list of adverse clinical outcomes associated with intradialytic
hypotension, such as decreased quality of life, inadequate dialysis, myocardial dysfunction, and death.16,33–35 We also demonstrate that lower pre- and postdialysis SBP are associated
with higher relative rates of fistula and graft thrombosis. Uncertainty regarding appropriate BP targets in hemodialysis
continues, and whether higher BP targets are warranted in particular situations remains to be proven. The results of our observational analysis should be interpreted cautiously and cannot be used to justify less aggressive hemodialysis in the name
of access preservation. Definitive answers can only be provided
by randomized clinical trials, and our analysis underscores the
importance of including vascular access patency as an outcome
in future studies of BP management strategies in hemodialysis.
Given the high costs and high prevalence of access thrombosis,
finding modifiable risk factors and implementing strategies
that might result in even small decreases in rates of access
thrombosis may favorably influence patient outcomes and
health care spending in ESRD.
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rized the patient on the basis of the access type that was recorded for
most of the dialysis sessions. For example, if a patient had a fistula at
months 12 to 16 and a catheter at months 17 to 18, we classified the
patient as having a fistula for that time period. If patients had only a
catheter used during a time period in which an access thrombosis
episode was recorded, we classified the patient according to the type of
permanent vascular access they had before having the catheter. Our
reasoning was that patients might use a catheter while waiting for a
permanent vascular access to become usable (such as a fistula to mature), and therefore it is feasible that they might have had a vascular
access thrombosis episode recorded despite dialyzing with a catheter.
Our primary outcome was episodes of vascular access thrombosis, defined as an access that had clotted without blood flow.
Information on vascular access thrombosis was obtained by the
HEMO study coordinators from the dialysis facility medical records or directly from the study subject. Episodes of vascular access thrombosis were assessed in aggregate during the following
time periods: baseline to 4 months, 5 to 12 months, and then every
6 months for the duration of the study. For example, at 12 months,
the study coordinators recorded the number of episodes of vascular access thrombosis from 5 to 12 months. Similarly, at 18
months, the number of episodes of vascular access thrombosis
since the previous assessment was recorded.

Independent Variables
CONCISE METHODS
Study Population
Details of the HEMO study have been published previously.7,8 Briefly,
the HEMO study was a randomized clinical trial of 1846 subjects on
thrice-weekly hemodialysis between 18 and 80 years of age from 15
U.S. centers. Subjects were enrolled between March 1995 and October
2000 and randomly assigned in a 2 ⫻ 2 factorial design to standard- or
high-dose equilibrated Kt/Vurea and low- or high-flux dialyzers. Subjects were followed until death or December 2001 and censored at the
time of kidney transplant. Subjects were excluded if they had serum
albumin concentration ⱕ 2.6 g/dl, residual urea clearance of ⱖ1.5
ml/min per 35 L of urea distribution volume, or if they were unable to
achieve an equilibrated Kt/Vurea of ⬎1.30 within 4.5 hours during two
of three baseline urea kinetic modeling sessions.
For the analysis presented here, we excluded 91 (4.9%) subjects
with catheter-based vascular access or vascular access classified as
“other” at the time of randomization. Of the remaining 1755 subjects,
we excluded 270 (15.4%) with ⬍1 year of follow-up because these subjects would not have available information on the independent variables
of interest in the preceding time period (further described in detail below). We also restricted our analysis to patients who had an assessment of
their vascular access condition completed at the scheduled time, leaving a
total of 1426 subjects in the analysis presented here.

Vascular Access Assessment
The type of vascular access (fistula, graft or catheter) used during the
monitored hemodialysis session was recorded at baseline and
monthly over the follow-up period. When patients had more than one
type of vascular access recorded for a given time period, we categoJ Am Soc Nephrol 22: 1526 –1533, 2011

During the monthly monitored hemodialysis sessions, the following
yes/no question was asked: “Did the subject have hypotension requiring either saline infusion, lowering of the ultrafiltration rate, or reduced blood flow?” We counted each “yes” response to this question
as an episode of intradialytic hypotension. Intradialytic hypotension
information was obtained from the first three baseline prerandomization sessions and monthly during follow-up. To account for differences in length of follow-up, we divided the number of dialysis sessions with at least one episode of intradialytic hypotension by the total
number of dialysis sessions during the following time periods: baseline to 4 months, 5 to 12 months, and then every 6 months for the
duration of follow-up). We chose these time periods to correspond
with the time at which episodes of vascular access thrombosis were
assessed. Because the percentage of dialysis sessions with intradialytic
hypotension was not normally distributed, we divided the exposure
into quartiles (corresponding to 0%, 6.7% to 11.1%, 12.5% to 28.6%,
and ⱖ30%) and analyzed it as a categorical variable, with the lowest
quartile (0% of dialysis sessions with intradialytic hypotension) serving as the referent group.
SBP and DBP were recorded before (predialysis) and after (postdialysis) the monthly monitored dialysis sessions in a seated position
using a sphygmomanometer as per the dialysis unit routine practice.
MAP was calculated as follows: MAP ⫽ (SBP ⫺ DBP)/3 ⫹ DBP. BP
parameters were defined as the mean values recorded during the same
time periods used to identify episodes of intradialytic hypotension:
baseline to 4 months, 5 to 12 months, then every 6 months for the
duration of follow-up. We reported results of regression models relative to cross-sectional differences in BP parameters per SD as continuous variables. Pre- and postdialysis SBP, DBP, and MAP were
analyzed separately. DBP ⬎ 150 mmHg was recorded as missing.
Hypotension and Access Thrombosis
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We defined large-volume ultrafiltration as a dialysis session with
ⱖ10% loss of total body water calculated using Watson’s formula.36
We used the Spearman’s rank correlation coefficient () to describe
the relation between intradialytic hypotension and large-volume ultrafiltration. To assess the relation of large-volume ultrafiltration to
vascular access thrombosis, we divided the number of dialysis sessions
with ⱖ10% loss of total body water by the total number of dialysis
sessions during the same time periods described above. The percentage of dialysis sessions with large-volume ultrafiltration was then divided into quartiles (corresponding to 0%, 7.1% to 15.4%, 16.7% to
42.8%, and ⱖ44.4%) and analyzed as a categorical variable, with the
lowest quartile (0% of sessions with large-volume ultrafiltration)
serving as the referent group.

Covariates
In multivariable models, we adjusted for the following covariates assessed at baseline: age, sex, race (black versus nonblack), mean serum
albumin concentration (averaged from two values obtained during
the prerandomization period, in g/dl), current smoking status, diabetes mellitus, ischemic heart disease, congestive heart failure, peripheral vascular disease, vascular access type (fistula versus graft), intervention group (high- or standard-dose dialysis and high- or low-flux
dialyzer membrane), and clinical center. We adjusted for hospitalization for any reason as a dichotomous (yes versus no) time-varying
variable. We also included an adjustment for mean predialysis SBP
and mean hematocrit (averaged over each 6-month assessment period) as time-varying variables. For missing hematocrit values (8.8%
of observations), we used a last-value carried forward method of imputation. All time-varying variables were assessed during the concurrent time period as intradialytic hypotension or large-volume ultrafiltration. We chose these covariates because we hypothesized that
they might have significant associations with vascular access thrombosis and/or intradialytic hypotension.

Statistical Methods
We compared baseline clinical characteristics by quartiles of intradialytic hypotension using the Cochran–Armitage trend test for categorical characteristics or linear regression for continuous characteristics.
We evaluated the association between episodes of vascular access
thromboses for a given 6-month time period with the percentage of
dialysis sessions with intradialytic hypotension occurring in the immediately preceding 6-month time period. We chose to include the
6-month lag period to ensure that episodes of intradialytic hypotension preceded episodes of vascular access thrombosis. Thus, at 24
months, the number of access thromboses that had occurred from 18
to 24 months was related to the percentage of dialysis sessions with
intradialytic hypotension that had occurred from 12 to 18 months.
The exception was at 12 months, when the number of vascular access
thromboses from 5 to 12 months was related to the percentage of
dialysis sessions with intradialytic hypotension that occurred from
baseline to 4 months. We analyzed the BP parameters and large-volume ultrafiltration in the same manner as for intradialytic hypotension.
We assumed a negative binomial model and used a generalized estimating equations approach to estimate the parameters. An autoregres1532
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sive correlation structure was assumed to account for the correlation
expected among repeated measures within an individual. The latter allows the correlation to vary in strength by distance in time.37,38 We hypothesized a priori that the associations of intradialytic hypotension, BP,
and large-volume ultrafiltration with vascular access thrombosis would
be modified by the type of vascular access and therefore tested for effect
modification by including a multiplicative interaction term of vascular
access type with the independent variables of interest. When significant
interactions were found, we present the results of analyses after stratifying
by baseline vascular access type. We used the type 3 score test to assess for
global significance of the categorical and interaction terms.
We also conducted two companion analyses. First, because patients may change the type of vascular access over the course of followup, we repeated our analyses with vascular access type as a timevarying variable, updating this information at the same vascular
access thrombosis assessment time points. Second, although in our
main analysis we did not include an adjustment for baseline aspirin,
warfarin, erythropoietin, angiotensin converting enzyme inhibitor, or
calcium channel blocker use given the problem of indication bias
inherent to observational studies, we repeated our analyses after including these covariates to check the robustness of our results.
All tests were two-sided and conducted at the 0.05 level of significance. All
analyses were conducted with SAS Enterprise Guide 4.2 (Cary, NC).
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