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Dynamics of Plasma Refill Rate and Intradialytic
Hypotension During Hemodialysis: Retrospective Cohort
Study With Causal Methodology
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Key Points

e Directly studying plasma refill rate (PRR) during hemodialysis (HD) can offer insight into physiologic mechanisms
that change throughout HD.

e PRR at the start and during HD is associated with intradialytic hypotension, independent of ultrafiltration rate.

e A rising PRR during HD may be an early indicator of compensatory mechanisms for impending circulatory
instability.

Abstract

Background Attaining the optimal balance between achieving adequate volume removal while preserving organ
perfusion is a challenge for patients receiving maintenance hemodialysis (HD). Current strategies to guide
ultrafiltration are inadequate.

Methods We developed an approach to calculate the plasma refill rate (PRR) throughout HD using hematocrit and
ultrafiltration data in a retrospective cohort of patients receiving maintenance HD at 17 dialysis units from
January 2017 to October 2019. We studied whether (1) PRR is associated with traditional risk factors for
hemodynamic instability using logistic regression, (2) low starting PRR is associated with intradialytic hypo-
tension (IDH) using Cox proportional hazard regression, and (3) time-varying PRR throughout HD is associated
with hypotension using marginal structural modeling.

Results During 180,319 HD sessions among 2554 patients, PRR had high within-patient and between-patient

variability. Female sex and hypoalbuminemia were associated with low PRR at multiple time points during the first
hour of HD. Low starting PRR has a higher hazard of IDH, whereas high starting PRR was protective (hazard ratio
[HR], 1.26, 95% confidence interval [CI], 1.18 to 1.35 versus HR, 0.79, 95% CI, 0.73 to 0.85, respectively). However, when
accounting for time-varying PRR and time-varying confounders, compared with a moderate PRR, while a consistently
low PRR was associated with increased risk of hypotension (odds ratio [OR], 1.09, 95% CI, 1.02 to 1.16), a consistently
high PRR had a stronger association with hypotension within the next 15 minutes (OR, 1.38, 95% CI, 1.30 to 1.45).

Conclusions We present a straightforward technique to quantify plasma refill that could easily integrate with
devices that monitor hematocrit during HD. Our study highlights how examining patterns of plasma refill may
enhance our understanding of circulatory changes during HD, an important step to understand how current

technology might be used to improve hemodynamic instability.
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Introduction increased morbidity, mortality, and health care
Intradialytic hypotension (IDH) occurs during 20%-50%  utilization.!™* Although lower ultrafiltration volumes
of hemodialysis (HD) sessions and is associated with ~ and rates may decrease the incidence of IDH, these
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strategies may also contribute to persistent volume
overload.>® Other strategies to improve tolerability of ul-
trafiltration, such as lowering dialysate temperature or us-
ing sodium profiling, aim to enhance central vascular
refilling.”-19 However, responses to these interventions
are variable, and a more tailored approach is desired.!-13

Although the pathophysiology of IDH is complex, a cen-
tral driver of circulatory instability during HD is a rate of
fluid removal (ultrafiltration rate [UFR]) that exceeds the
rate of refill of the vascular space (plasma refill rate [PRR])
with fluid from extracellular compartments.” 1416 PRR can
be inferred from changes in relative blood volume (RBV),
derived from continuous hematocrit monitoring devices
integrated into the dialysis circuitry. Studies evaluating
the clinical benefit of RBV monitoring have had mixed
results, 17724 potentially because RBV alone does not account
for differences in UFR. In addition, contemporary devices
display the RBV over time, but clinicians must make visual
inferences about plasma refill, either (1) by examining the
rate of change in RBV while accounting for the current UFR
or (2) by pausing ultrafiltration to visually assess the rise in
RBV, both of which can be burdensome and extend treat-
ment time.?>?7 Few studies have directly examined PRR
continuously across a large dialysis cohort.

We leveraged continuous hematocrit monitoring technol-
ogy and ultrafiltration data to directly calculate PRR
throughout HD sessions and determined whether (1) PRR
is associated with traditional risk factors for hemodynamic
instability, (2) PRR at the start of each session is associated
with IDH, and (3) PRR throughout the session is associated
with subsequent IDH. Because PRR fluctuates with hydro-
static pressure, oncotic pressure, and vascular tone,*?82° we
used causal inference methodology to adjust for time-
varying confounding and better assess the relationship be-
tween PRR and IDH. Understanding the patterns of PRR
throughout HD should generate insight into how current
monitoring technology could be modified to guide
ultrafiltration.

Methods
Study Population

We obtained deidentified data from 17 HD units in the
United States operated by the Renal Research Institute from
January 1, 2017, to October 31, 2019. Continuous hematocrit
monitoring was implemented on a rolling basis and became
the standard of care by 2012 at all units. Study entry was
defined by the date of the first monitored HD session.
Patients aged 18 years or older with >3 months of dialysis
dependence were included. We excluded sessions with
concurrent blood transfusions or incomplete data (total
2% of all sessions). Patients were censored for death, re-
covery of kidney function, transfer to a facility not operated
by the Renal Research Institute, or end of follow-up time.
This study was deemed exempt by the University of Penn-
sylvania Institutional Review Board (Protocol #832006).

Clinical Data

Comorbid conditions were derived from International
Classification of Diseases, Ninth Revision codes, in the
electronic health records at study entry. Medications and
monthly laboratory data were derived from dialysis unit

records. Predialysis and postdialysis weights, blood pres-
sures, and heart rates were available from each HD session.
Within individual sessions, blood pressures were measured
using an automated oscillometric cuff at 30-minute inter-
vals. Hematocrit was measured by using the CritLine-IV
monitor (Fresenius Medical Care North America, Waltham,
MA) 9000 times/min and averaged each minute. Nonphy-
siologic hematocrit values (<15% and >75%) were excluded,
consistent with previous studies.> In addition, periods of rapid
hematocrit drops of RBV>2% in 5 minutes were considered
noise due to dilution from medication or fluids administered
and excluded from the analysis.3

PRR

We leveraged hematocrit and ultrafiltration data to cal-
culate PRR throughout each HD session. We built on the
established relationship between RBV and the ratio of the
starting hematocrit (hcty) to the hematocrit at any time
during each session (hct;).2331:32 RBV was converted into
an absolute volume through the Nadler method,333* which
uses height, weight, and sex to estimate the starting blood
volume. Plasma refill volume was calculated as the sum of
the changes in blood volume and ultrafiltration volume;
plasma refill volume was then divided by time and by
estimated postdialysis dry weight to calculate the PRR in
units of ml/kg per hour. Owing to the presence of outliers
from optical signal fluctuations, PRR was not calculated
during periods of fluid administration and was winsorized
at the 1st and 99th percentiles.

Starting PRR was defined as the average PRR during the
first 10 minutes of each session; in sensitivity analyses, we
varied the intervals for the first 15, 30, and 60 minutes. PRR
was also calculated throughout the full session across each
15-minute interval. To account for differences in prescribed
UFR, we used the ratio of the PRR:UFR across each time
interval (PRR index [PRRIi]) in all analysis between PRR and
IDH. Because PRR was not normally distributed, PRRi was
categorized as low (<<0.3), moderate (0.3-0.9), and high
(>0.9), representing the bottom 25%, middle 50%, and
top 75%, respectively. The starting value of PRR was de-
fined using hematocrit values after the tenth minute during
each session to eliminate the optical noise attributed to the
dilutional effect of the saline priming of the dialysis
circuit3’35 and mitigate the effects of varying timing of
the automated baseline RBV reported from the CritLine-
IV monitor.

IDH

We defined IDH as a systolic blood pressure (SBP) <90 mm
Hg, which has been associated with increased mortality.3¢
Given the lack of a consensus definition for IDH,3¢ in sen-
sitivity analyses, we used alternative definitions that in-
corporate symptoms, diastolic blood pressure, and chronic
hypotension (summarized in Supplemental Table 1). Symp-
toms and interventions were identified through an algorithm
that analyzed over 650,000 provider notes, presented in Sup-
plemental Figure 1.

Statistical Analyses
Statistical analyses were performed using STATA (ver-
sion 15.1).3” Baseline demographics were summarized as
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means and standard deviations for continuous variables and
as proportions for categorical variables. Continuous variables
that violated the linearity assumption in univariate analyses
were converted into categories on the basis of clinically rele-
vant cutoffs. Variables with <1% missingness were analyzed
using complete case analysis. Variables with 1%—20% miss-
ingness were analyzed using a subcategory for “unknown.”
Variables with >20% missingness were excluded from anal-
ysis. Covariates were chosen from a pool of 72 potential de-
mographic, laboratory, vital sign, and medication variables
(Supplemental Table 2). For variables within the same category
(e.g., systolic and diastolic blood pressure), the variable with
the best Akaike Information Criterion was selected. Variables
associated with IDH and PRR in univariate regression with
a<0.1 were tested in the multivariable model.

The statistical models used for each analysis are summa-
rized in Supplemental Table 3. Mixed effects regression was
used to model the population average trajectories of PRRi.
Logistic regression was used to evaluate clinical characteris-
tics associated with low starting PRRi. We used three differ-
ent models to evaluate the association between PRRi and
IDH. To examine the relationship between starting PRRi and
IDH, we used Cox proportional hazard regression with baseline
covariates (model 1). To examine the relationship between PRRi
during HD and IDH, we added PRRi as a time-dependent
exposure (model 2); however, this model was created for com-
parison and adjusts for baseline confounders but not time-
varying confounding. To adjust for time-varying confounding,
we used marginal structural analysis (model 3),**” presented in
Supplemental Figure 2. In brief, each session was divided into
15-minute intervals. For each interval, PRRi was defined as the
moving average at the end of the exposure interval and IDH
was assessed across the next interval. A censorship model was
created to estimate the probability of early session termination
for reasons other than IDH. Stabilized inverse probability
weighting was applied to each interval to account for (1) the
history of PRRi in prior intervals, (2) the time-varying confound-
ing by changes in UFR and SBP at each interval, and (3) the
probability of censorship. The reweighted intervals were in-
cluded with pooled logistic regression, forming a discrete time
model whose odds ratios (ORs) approximate hazard ratios.

Results
Baseline Characteristics

We analyzed 180,319 HD sessions across 2554 patients
over the study period (total follow-up 2952.2 person-years).
The demographic characteristics, summarized in Table 1,
are similar to those of the overall US HD population.*’ The
mean age was 62.3 years, 58% were male, 46% were White,
and 30% were Black. Across all sessions, the mean inter-
dialytic weight gain was 1.8%1.5 kg, single-pool Kt/V was
1.6+0.4, and UFR was 8.3+4.5 ml/kg per hour. The median
treatment time was 223.0 (interquartile range, 199.0-242.0)
minutes. IDH occurred in 12% of all sessions (range 7%—-39%
depending on the IDH definition used in Supplemental
Table 1).

Patterns of Intradialytic Measures

Examining RBV alone, we did not find a consistent RBV
threshold below which IDH occurred (an illustrative exam-
ple of RBV trajectories between sessions of the same patient
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Table 1. Baseline demographic characteristics of the study
population (2554 patients)
Characteristic Mean=*SD or Proportion
Age, yr 62.33+15.87
Sex, n (%)
Male 1487 (58.20)
Female 1068 (41.80)
Race, n (%)
White 1183 (46.30)
Black 764 (29.90)
Other 106 (4.15)
Unknown 502 (19.65)
Ethnicity, n (%)
Hispanic 353 (13.82)
Not Hispanic 1622 (63.48)
Unknown 580 (22.70)
Diabetes 1439 (56.32)
Hypertension 2005 (78.47)
Vascular access type, n (%)
Fistula 1319 (51.62)
Graft 342 (13.39)
Catheter 894 (34.99)
HD vintage, yr 3.19%4.32
BMI, kg/m? 28.59+7.46
Serum creatinine, mg/dl 7.98+3.10
Serum albumin, g/dL 3.70+0.47
Serum sodium, mEq/L 137.69+3.34
SBP, mm Hg
Pre-HD 147.18+26.99
Post-HD 138.70+25.25
Change pre-post-HD 8.49+25.78
IDWG, kg 1.81+1.53
Estimated dry weight, kg 80.87+23.02
Single-pool Kt/V 15.50+3.91
UER, ml/kg per hour 8.33+4.52
HD treatment time, min 218.04+35.17
Dialysis treatment characteristics were defined as the average
value within the first 3 months of study entry. HD, hemodi-
alysis; BMI, body mass index; SBP, systolic blood pressure;
IDWG, interdialytic weight gain; UFR, ultrafiltration rate.

is shown in Supplemental Figure 3). The trajectories of four
intradialytic measures (RBV, PRRi, SBP, and UFR) are pre-
sented Figure 1, with both an illustrative single HD session
(Figure 1, A-D) and average across the study population
(Figure 1, E-H). As RBV decreases, PRRi fluctuates through-
out the session even during constant UFR. During the first
hour of each session, the average PRRi was 0.44 after the
priming period and stabilized at 0.80 by 60 minutes, corre-
sponding to PRR of 4.15 and 7.21 ml/h per kilogram body
weight, respectively. The intradialytic trajectories were also
examined within subgroups of low, moderate, and high
starting PRRi (see Supplemental Figure 4). On average, the
low PRRi group had lower RBV values over time while the
high PRRi group had higher RBV values and smaller
changes in SBP, although there was substantial overlap in
the standard deviations.

Clinical Factors and PRR

The associations between clinical factors and starting PRR
are summarized in Table 2. Patients with low starting PRR
were more likely to be 80 years or older (OR, 1.60, 95%
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Figure 1. Summary of intradialytic metrics during HD across the study population. The left panels provide an illustrative example from a single
HD session of four different intradialytic measures: (A) RBV, (B) PRRi, (C) change in SBP, and (D) UFR. The right panels summarize the
population average (solid lines) and intrasubject random effects standard deviation (dashed lines) panels for (E) RBV, (F) PRR, (G) SBP, and (H)

UFR throughout the entirety of treatment.

confidence interval [CI], 0.99 to 2.60), female (OR, 1.83, 95%
CI, 1.38 to 2.41), and Black (OR, 1.55, 95% CI, 1.19 to 2.03).
Owing to substantial missing data for cardiovascular con-
ditions, we could not assess whether PRR was associated
with preexisting heart failure, ischemic heart disease, or
cerebrovascular disease. Many of the associations between
clinical factors and PRR were enhanced within patients with
diabetes. In sensitivity analysis, these associations were
consistent for PRR defined at various time intervals during
the first hour of HD (15, 30, and 60 minutes).

At the session level, low starting PRR was associated with
low predialysis SBP and low serum albumin level,

independent of UFR and interdialytic weight gain. While
higher dialysate sodium and calcium were protective, due
to the limited variability in dialysis prescriptions, the asso-
ciations with dialysate composition were considered ex-
ploratory. PRR did not differ after 2-day versus 3-day
interdialytic intervals (P = 0.12) or after hospitalizations
(P = 0.49). PRR was correlated with UFR (p = 0.72), with
an average increase of 0.58 ml/kg per hour in PRR per
1 ml/kg per hour increase in UFR with a slightly curvi-
linear relationship, while the ratio of PRR:UFR (PRRi)
was relatively stable across different levels of UFR; thus,
PRRi was used in subsequent analyses.



Table 2. Demographic factors associated with low plasma rfill rate at the start of hemodialysis sessions
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Univariate Multivariable
Demographic Characteristic All All Diabetic Subgroup Nondiabetic Subgroup
OR 95% CI Joint P OR 95% CI Joint P OR 95% CI Joint P OR 95% CI Joint P

Age, yr

<50 Ref P <0.01 Ref P =034 Ref P =0.01 Ref P =0.90

50-69 1.18 0.89 to 1.56 1.18 0.82 to 1.70 136  0.80 to 2.32 1.03  0.61to1.75

60-69 1.39 1.07 to 1.56 111 0.77 to 1.61 147  0.87 to 2.49 0.84 049 to 1.46

70-79 1.84 1.42 to 2.38 1.29 0.85 to 1.94 1.87  1.06 to 3.31 0.89 047 to 1.67

=80 2.20 1.65 to 2.94 1.60 0.99 to 2.60 312  159to6.12 075  0.36 to 1.56
Sex

Male Ref P < 0.01 Ref P <0.01 Ref P < 0.01 Ref P = 0.06

Female 1.75 1.48 to 2.07 1.83 1.38 to 2.41 161 112 to 2.32 226  145t03.51
Race

White Ref P =028 Ref P <0.01 Ref P =10.03 Ref P =0.06

Black 1.04 0.86 to 1.27 1.55 1.19 to 2.03 158  1.12t0223 155  1.00 to 2.40

Other/unknown 1.18 0.96 to 1.46 1.09 0.83 to 1.42 125 088 to 1.76 0.88  0.57to 1.36
Diabetes 0.85 072t01.01 P =006 1.00 0.80 to 1.26 P =098 — — — — — —
BMI, per kg/m? 0.93 092t0 094 P <0.01 1.02  1.01to1.04] P <0.01 104 101to106 P<001 1.01 098to 1.04 P =10.59
HD vintage, yr 0.98 096to1.00 P =0.03 099 0.96 to 1.02 P=034 099 09to104 P=072 098 094to1.02 P =033
Serum creatinine index, per mg/kg per  0.89 0.87 to 0.92 P < 0.01 1.08 1.01 to 1.15 P =0.02 1.13 1.03 to 1.24 P =0.01 1.04 0.95 to 1.14 P =044

day
Serum albumin, per 0.1 g/dl 0.96 094t0098 P <001 096 0.94 to 0.99 P<001 094 091t0098 P<001 097 093to1.02 P =025
Single-pool Kt/V 1.03 1.00to 1.06 P =0.08 099 0.94 to 1.04 P=061 094 08tol101 P=010 1.03 095to1.11 P =048
SBP, per 10 mm Hg 0.88 0.84t0 091 P<001 087 0.82 to 0.92 P<001 08 080t0093 P<001 090  0.82to0.99 P <0.01
UFR, ml/kg per hour 0.82 0.80t0 085 P <001 0.60 0.58 to 0.63 P <001 063 059to067 P<001 056 0.51to0.61 P <0.01

Summary of patient demographic and dialysis treatment factors associated with low plasma refill rate, defined as the lowest 25th percentile of plasma refill rate across all treatments within the
first 10 minutes of hemodialysis. Characteristics represent patient-averaged serum values within the first 3 months of study entry. Continuous variables with nonlinear log-odds relationships
were converted to categorical variables with cutoffs chosen for clinical relevance with at least 20% of the population, and P values represent the joint test across all categories of each variable.
Factors with P > 0.2 in univariate analysis were excluded from multivariable analysis. Factors with substantial collinearity were analyzed separately, and the factor with the strongest associated
and best fit based on the Akaike Information Criterion was used in multivariable analysis. OR, odds ratio; CI, confidence interval; BMI, body mass index; HD, hemodialysis; SBP, systolic blood
pressure; UFR, ultrafiltration rate.
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Table 3. Comparison of baseline and time-varying models for plasma refill rate index and risk of intradialytic hypotension

Unadjusted Adjusted
Model All All Diabetes Subgroup Nondiabetic Subgroup
HR* 95% CI P Value HR* 95% CI P Value HR* 95% CI P Value HR* 95% CI P Value

Model 1: baseline model

Low starting PRRi 1.41 130to 1.53 P <0.001 1.26 118t01.35 P <0.001 1.36 125t0 147 P <0.001 1.14 1.02t0 127 P < 0.001

High starting PRRi 074 0.68t00.80 P <0001 079 073t00.85 P <0001 074 067t0082 P<0001 08  077t0097 P =0.011
Model 2: time-varying model

Low time-updated PRRi 1.02 1.01t0o 1.04 P <0.001 1.04 1.02t01.05 P <0.001 1.04 1.03t01.06 P <0.001 1.02 1.01to 1.04 P = 0.003

High time-updated PRRi 1.07 1.05t0 1.08 P <0.001 1.07 1.06 to 1.08 P <0.001 1.07 1.05t01.08 P <0.001 1.07 1.05to 1.09 P < 0.001
Model 3: marginal structural model

Low time-updated PRRi 1.16 1.08 to 1.23 P < 0.001 1.09 1.02to 1.16 P =0.008 1.15 106 to 1.24 P =0.001 1.01 092to1.12 P =0.791

High time-updated PRRi 137 129to145 P <0001 138 130to145 P <0001 137 128to147 P <0.001 1.38 127t01.51 P < 0.001

Summary of results from the models examining the relationship between plasma refill rate index and intradialytic hypotension. The baseline model (model 1) is a Cox proportional hazard
regression using the starting plasma refill rate index and covariates defined at study entry and at the start of each hemodialysis session. The starting plasma refill rate index was defined as the
ratio of plasma refill rate to ultrafiltration rate within the first 10-minute interval of each hemodialysis session, with low plasma refill rate index<0.3 (bottom 25th percentile) and high plasma refill
rate index>0.9 (top 25th percentile) in reference to moderate plasma refill rate index (0.3=PRRi=0.9). The time-varying model (model 2) includes time-updated plasma refill rate index but only
accounts for baseline confounding effects. Model 3 uses inverse probability weighting to account for the time-varying confounder-mediator effects from the time-updated changes in ul-
trafiltration rate and systolic blood pressure through marginal structural modeling. All effects are reported as hazard ratios with 95% confidence intervals and P values. HR, hazard ratio; CI,
confidence interval; PRRi, plasma refill rate index.

?Of note, model 3 (marginal structural model) forms a discrete time function which produces an odds ratio whose estimates approximate an hazard ratio. All models were adjusted for the
following baseline confounders: age at dialysis initiation, sex, race, body mass index at dialysis initiation, dialysis vintage, diabetes status, serum albumin, serum creatinine index, predialysis
systolic blood pressure, interdialytic interval, dialysate temperature, and average single-pool Kt/ V.




KIDNEY360 4: 505-514, April, 2023

Predicted Hazard Ratio

=T SRR
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Ultrafiltration Rate [ml/kg/hr]

[—— LowPRRi —e— High PRRi |

Figure 2. Interaction of PRRi and ultrafiltration on risk of IDH. The
predicted HR for IDH across different levels of UFR is shown, stratified
by low versus high PRRi within the first 10 minutes into the HD
session. Models were based on Cox proportional hazard regression
accounting for repeated HD sessions within the same patient, with an
interaction between PRRi and UFR.

PRR and IDH

The relationships between starting PRRi and IDH and
time-varying PRRi and risk of IDH are summarized in Table
3. Compared with treatments with a moderate starting PRRi
(0.3-0.9), treatments with low starting PRRi (<0.3) had an
increased hazard of IDH while treatments with high start-
ing PRRi (>0.9) were protective. The effect of starting
PRRi onrisk of IDHwas enhanced in patients with diabetes
(P interaction = 0.007) and at higher UFR (P interaction = 0.04,
illustrated in Figure 2).

In sessions with IDH, the average PRRi was progressively
increasing during the 15 minutes before a drop in SBP
(Figure 3). In sensitivity analysis, this pattern of rising PRRi
was consistent preceding IDH across different definitions of
IDH and preceding the nadir SBP during sessions without
IDH. In the subset of sessions during which UFR was

15 2.0

Predicted PRRi

1.0

0.5

T T T T

-15 -10 -5 0
Minutes Preceding IDH

Figure 3. Population average PRRi before IDH. The average behavior
or PRRi during the 15 minutes preceding an episode of IDH (defined as
SBP <90 mm Hg) was modeled using mixed-effects linear regression
with time as a quadratic term. Data from sessions with documented or
suspected fluid administration before IDH were not included.
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constant and no fluids were administered, RBV was ob-
served to have a similar rising pattern before nadir SBP (not
shown). Examining PRRi as a time-varying exposure, low
PRRi at any time during the session was still associated with
increased risk of IDH, but a high PRRi was also associated
with risk of IDH. Adjusting for time-varying confounding
using marginal structural analysis, the association between
high PRRi throughout the session and risk of IDH is en-
hanced. These results were similar across different defini-
tions of IDH and examining the change in PRRi between
each interval (Supplemental Table 4).

Discussion

Hemodynamic monitoring during HD typically relies on
blood pressure and heart rate measurements, which are
often inadequate to detect impending hypotension. Contin-
uous hematocrit monitoring provides alternative indicators
of hemodynamic status; however, its clinical adoption is not
widespread, and previous trials evaluating this technology
did not show benefit for hospitalization or mortality.?? In its
current application, continuous hematocrit monitoring does
not directly quantify PRR; however, future devices could be
modified to do so. Our study, intended as a first step in
exploring the dynamics of PRR as an intradialytic metric,
had three major findings: (1) we identified several clinical
factors associated with low PRR near the start of each HD
session; (2) low starting PRRi was associated with a greater
hazard of IDH, independent of traditional risk factors for
intradialytic events; and (3) both low and high PRRi
throughout HD were associated with subsequent IDH.

The association of low PRRi with the risk of IDH was
expected, as was the finding that the association is enhanced
at higher UFR. One explanation for the interaction between
PRRi and UFR is that PRR can rise to meet the demands of
increased UFR up to a threshold UFR, after which the
inability of PRR to match UFR may lead to hemodynamic
instability. Interestingly, we found that while high starting
PRRi was protective against IDH, high PRRi throughout
dialysis was associated with increased risk of IDH. The
association between high PRRi and IDH was unexpected
given the leading theory that falling plasma refill causes
hemodynamic instability.2¢4! However, when we examined
the patterns of PRRi preceding IDH, we found that PRRi
was increasing acutely before a detectable drop in SBP, a
pattern which persisted after accounting for fluid adminis-
tration and across different definitions of IDH. In addition,
the rise in PRRi was largely attributed to changes in RBV
and not UFR. This finding is likely capturing consequences
of circulatory changes just before decompensation. As car-
diac output decreases, intracapillary hydrostatic pressures
in the peripheral tissue will drop, leading to transient net
fluid uptake into the vascular space.*?> The observed acute
rise in PRR before IDH may reflect transient fluid uptake
during a period when cardiac output has dropped but blood
pressure is still maintained through vasoconstriction. To
further maintain cardiac output during HD, there is redis-
tribution of blood from venous reserves (e.g., peripheral,
splenic, and splanchnic vasculature).*® Fluid redistribution
from other fluid compartments would be measured as in-
creased plasma refill because of the lower hematocrit con-
centration in the periphery.1” In addition, decreasing cardiac
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output triggers vasoconstriction in the mesenteric vascular
bed and emptying of the splanchnic reservoir, delivering an
additional approximately 500 ml of blood to the central
circulation,*4¢ which might be detected as increases in
PRRi.'” Impaired recruitment from these vascular reservoirs
that occurs with autonomic dysfunction could lead to the
development of IDH.44-46 [t is possible that there is a dif-
ferential pattern between patients with intact splanchnic
redistribution and those without. These hypotheses and
the observed pattern of rising PRRi before IDH warrant
further exploration.

Our study has several strengths. First, we examined PRR
and IDH across a large multicenter dialysis cohort. The
analyses are based on what we believe to be the largest
dataset containing continuous hematocrit and RBV data,
allowing for both within-patient and between-patient analy-
ses. Second, unlike previous studies which examined plasma
refill cross-sectionally, we used causal inference methodology
to examine the effect of PRR updated throughout HD and
account for time-varying effects from UFR and SBP, which is
an important step as conventional statistical methods often
yield biased results in the setting of time-varying confound-
ing.38 Third, by incorporating an algorithm to adjudicate
symptoms and interventions, we were able to demonstrate
that our results were robust across four different definitions
of IDH. In addition, we used an anthropometric method to
calculate intradialytic PRR expressed in the same units as
UFR. This approach provides direct quantification of a phys-
iologic process. Although not directly measured, our calcu-
lated PRR values fall within the range of PRR reported from
previous studies in which PRR was measured or modeled
under constant and controlled UFRs.#7-5° Importantly, this
method for calculating PRR is straightforward, uses routinely
available clinical data, and could be readily integrated to
quantify PRR in real time using current continuous hemat-
ocrit monitoring technology. Our method can also be adapted
to allow use of other methods, such as hemodilution, to
estimate the absolute blood volume.>!

Our study also has limitations. Given the retrospective
nature of the data, misclassification bias and unmeasured
confounding are possible. However, dialysis data were
collected systematically and were >95% complete, so miss-
ingness of data at the session level is likely random and
would bias our results toward the null. Owing to substantial
missingness, we were not able to evaluate the effects of
cardiovascular disease on starting PRRi and the relationship
between PRRi and UFR. Although our data came exclu-
sively from dialysis units associated with a single dialysis
provider, dialysis prescriptions and patient demographics
were similar to those of the general population of patients
receiving HD in the United States. Although the use of
marginal structural modeling allowed us to compare con-
sistently low or high values of PRRi throughout HD, we
could not examine whether shifts across PRRi categories or
whether the timing of changes in PRRi are associated with
differential risk on subsequent IDH. Further studies into
varying patterns of PRRi would help to elucidate how PRRi
might be incorporated into automated monitoring systems
for volume management during HD.

Although the concept of plasma refill is not new, our study
indicates that PRRi varies substantially during HD and offers
complementary information about circulatory stability. Since

the initial development of continuous hematocrit monitoring,
contemporary studies have shifted away from RBV alone,
and many studies have suggested that the critical level of
RBV may depend primarily on cardiovascular defense mech-
anisms and require consideration of the current UFR.'"/'%3!
Some studies have proposed the use of RBV slope together
with UFR as a clinical tool to probe the dry weight, but
application of this across a dialysis shift can be burdensome.
From Figure 1, one can appreciate how direct visualization of
PRRi makes evident the dynamic changes that occur even
during constant UFR and a seemingly steady decline in RBV.
While further investigation is needed to better characterize
the predictive applications of PRR and its implications for
clinical management, PRR or PRRi could potentially provide
an important additional “vital sign” to guide volume removal
during dialysis therapy.

In summary, we found that PRR is a truly dynamic entity.
Both low PRR early in treatment and a sudden increase in
PRR later in therapy serve as markers of risk for circulatory
collapse. This is a departure from the traditional approach
that focuses on decreasing RBV alone to guide management.
Initial trials of continuous hematocrit monitoring may have
been hampered by incomplete tools to interpret this clinical
parameter. Our results highlight opportunities for further
investigation that could increase the utility of intradialytic
technologies, such as continuous hematocrit monitoring in
the management of volume status during HD therapy.
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