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ABSTRACT
Background: Plasma refill rates can be estimated by combining
measurements of urine output with relative blood volume profiles.
Change in plasma refill rates could guide decongestive loop diuretic
therapy in acute heart failure. The objective of the study was to assess
average relative blood volume profiles generated from 2 or 3 follow-up
measurements obtained hours after loop diuretic administration in
subjects with vs without baseline congestion.
https://doi.org/10.1016/j.cjco.2023.05.003
2589-790X/Published by Elsevier Inc. on behalf of the Canadian Cardiovascular Soc
creativecommons.org/licenses/by-nc-nd/4.0/).
R�ESUM�E
Contexte : Le taux de remplissage plasmatique peut être estim�e en
combinant les mesures de la diurèse et les profils vol�emiques relatifs.
Chez les personnes atteintes d’insuffisance cardiaque aiguë, une
variation du taux de remplissage plasmatique pourrait guider un
traitement d�econgestif par un diur�etique de l’anse. L’�etude avait pour
objectif d’�evaluer les profils vol�emiques relatifs moyens obtenus dans
le cadre de deux ou trois mesures de suivi r�ealis�ees quelques heures
iety. This is an open access article under the CC BY-NC-ND license (http://
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Methods: A systematic review was conducted of articles written in
English, French, Spanish, and German, using MEDLINE (1964 to
2019), Cochrane Reviews (1996 to 2019), and Embase (1974 to
2019). Search terms included the following: diuretics, hemoconcen-
tration, plasma volume, and blood volume. We included studies of
adults given a loop diuretic with at least one baseline and one follow-
up measurement. A single author extracted subject- or group-level
blood volume measurements, aggregated them when needed, and
converted them to relative changes.
Results: Across all 16 studies that met the prespecified inclusion
criteria, relative blood volume maximally decreased 9.2% (6.6% to
12.0%) and returned to baseline after 3 or more hours. Compared to
subjects without congestion, those with congestion experienced
smaller decreases in relative blood volume across all follow-up periods
(P ¼ 0.001) and returned to baseline within the final follow-up period.
Conclusions: Single doses of loop diuretics produce measurable
changes in relative blood volume that follow distinct profiles for sub-
jects with vs without congestion. Measured alongside urine output,
these profiles may be used to estimate plasma refill ratesdpotential
patient-specific targets for decongestive therapy across serial diuretic
doses.

après l’administration d’un diur�etique de l’anse à des sujets pr�esentant
ou non une congestion initiale.
M�ethodologie : Une revue syst�ematique d’articles r�edig�es en anglais,
en français, en espagnol et en allemand a �et�e effectu�ee au moyen des
bases de donn�ees MEDLINE (1964 à 2019), Cochrane Reviews (1996
à 2019) et Embase (1974 à 2019). Les termes de recherche com-
prenaient : diur�etiques, h�emoconcentration, volume plasmatique et
volume sanguin. Nous avons inclus des �etudes portant sur des adultes
ayant reçu un diur�etique de l’anse chez qui au moins une mesure
initiale et une mesure de suivi avaient �et�e effectu�ees. Un seul auteur a
recueilli des mesures du volume sanguin individuelles ou de groupe,
les a regroup�ees, au besoin, et converties en variations relatives.
R�esultats : Parmi les 16 �etudes qui r�epondaient aux critères d’inclu-
sion pr�ed�efinis, le volume sanguin relatif a diminu�e de 9,2 % (de 6,6 %
à 12,0 %) et est revenu aux valeurs initiales après trois heures ou plus.
Les sujets qui pr�esentaient une congestion ont connu des diminutions
du volume sanguin relatif inf�erieures à celles de ceux n’en pr�esentant
pas lors de toutes les p�eriodes de suivi (p ¼ 0,001); le volume sanguin
relatif est revenu aux valeurs initiales durant la p�eriode finale de suivi.
Conclusions : Des doses uniques de diur�etique de l’anse produisent
des changements mesurables du volume sanguin relatif selon des
profils distincts chez les sujets pr�esentant une congestion, com-
parativement à ceux n’en pr�esentant pas. Utilis�es en association avec
les mesures de la diurèse, ces profils peuvent servir à estimer le taux
de remplissage plasmatique, qui constitue potentiellement une cible
particulière au patient qui reçoit une s�erie de doses d’un diur�etique
comme traitement d�econgestif.
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Congestion in the setting of heart failure is a maladaptive
accumulation of extracellular salt and water.1 Although
common, it manifests differently among individual patients,
especially in terms of the amount of interstitial (or tissue)
congestion.2 Patient responses to the treatment of congestion
(“decongestion”) also vary. Some patients tolerate complete
decongestion, whereas others with a greater burden of disease
must “compromise” and accept residual congestion.3 Deter-
mining an individual patient’s tolerance to diuretic treatment
is challenging. A normal physiological elevation in serum
creatinine level, for example, easily can be misinterpreted as
kidney injury4 and lead to unjustified and unnecessary
reduction of neurohormonal antagonist therapy, particularly
renin-angiotensin system blockade. Better monitoring tools
for tailoring decongestive therapy to the individual charac-
teristics of each patient’s heart failure are needed.5-7

Monitoring for hemoconcentration relative to the start of
decongestive therapy has been proposed as a practical way to
determine when decongestion has progressed enough to lead
to a contracted blood volume.8 Although repurposing routine
daily laboratory tests in this way would be convenient,
infrequent measurements cannot establish whether the “dy-
namic equilibria between interstitial and plasma fluid” are at
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steady state or in transition.9 A blood volume that appears to
be “dry” and hemoconcentrated at one moment in time may
not, in fact, reflect a diminished extracellular fluid volume,
rather than slow intravascular-to-interstitial redistribution.
Plasma refill from a “wet” interstitium may be ongoing.

Although steady-state estimates of plasma volume are not
useful,10 repeated measurements of blood volume and urine
output over hoursdtimed to assess the response to a pertur-
bationdcan distinguish between these 2 scenarios.11 When
they are begun at the onset of a discrete episode of fluid
removal, such as a single loop diuretic dose, serial measure-
ments of relative blood volume change over the course of hours
can be combined with the amount of fluid removed to calculate
the plasma refill rate.12 Unlike plasma volumedwhich only
reflects the intravascular compartment and correlates poorly
with congestion13dplasma refill reflects overall extracellular
volume status: both the intravascular and the interstitial com-
partments.14 As long as the perturbation (fluid removal) and its
response (blood volume change) are known, plasma refill can
be estimated without directly measuring plasma volume.
Plasma refill rates have been successfully used to guide per-
turbations from mechanical fluid removal (eg, ultrafiltration)
for decades.15 But unlike mechanical fluid removal, which uses
an extracorporeal circuit equipped with inline sensors of
hematocrit or protein concentration, high frequency measure-
ments of hemoconcentration are not available to estimate
plasma refill rates during diuretic-induced fluid removal.16 If
plasma refill rates are to guide diuretic therapy across serial
perturbations (information that is currently not being harnessed
for its potential diagnostic value),17 investigators need a better
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understanding of whether plasma refill rates can be feasibly
estimated after individual diuretic doses.

Therefore, we conducted a systematic review of the existing
literature to generate average relative blood volume profiles
within hours of a loop diuretic dose, and tested the hypothesis
that the profile of relative blood volume changedrepresenting
the degree and duration of blood volume change from a single
diuretic doseddiffers as a function of the degree of conges-
tion. We also present a method for how, in theory, serial
relative blood volume profiles could be combined with urine
output to estimate serial plasma refill rates at the bedside of a
patient receiving loop diuretic therapy.
Methods

Overview

We conducted a systematic review, and upon retrieving
multiple articles that focused on blood volume after single
loop diuretic doses, we proceeded to a meta-analysis. Given
that articles included a mix of both subject-level (‘individual
patient’) and group-level (‘aggregate’) data, we conducted a
2-step meta-analysis to avoid potential biases related to the
availability of subject-level data.18 After aggregating subject-
level data, we combined it with existing group-level data us-
ing random-effects meta-analysis with inverse variance
weighting.19 Our report complies with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA)20 and Meta-Analysis of Observational Studies In
Epidemiology (MOOSE) guidelines.21 Our protocol was not
registered.

Search strategy and eligible studies

A medical librarian retrieved article titles and abstracts
from MEDLINE (January 1964 to April 2019), Embase
(January 1974 to April 2019), and Cochrane Reviews
(January 1996 to April 2019) using the search strings listed in
the Supplemental Methods. We identified additional articles
by searching reference lists. An investigator reviewed all
potentially relevant articles in 2 stepsdfirst by title and ab-
stract together, and then if appropriate, by evaluation of the
full text.

We included studies that reported on adults who (i) were
given an oral or intravenous loop diuretic that is currently
approved by the US Food and Drug Administration
(bumetanide, ethacrynic acid, furosemide, or torsemide)
and (ii) had both a baseline and at least one follow-up
measurement (within 12 hours) that allowed calculation
of relative blood volume change (including a standard error
or standard deviation if only group-level data were
presented).

We considered studies within an article to be distinct when
results were reported by groups that were defined by different
experimental methods or baseline characteristics. For example,
in the article by Samet et al.22 one study had follow-up
measurements after 2 hours, and another after 3 hours; in
the article by Ramirez and Abelmann,23 one study comprised
subjects with acute heart failure and the other healthy
controls.
Given our interest in determining whether baseline volume
status determines blood volume change, we grouped each
study by “congestion” vs “no congestion.” We used the
operational definition of congestion within each paper: sub-
jects with congestion had characteristics (signs, symptoms,
and recent history) consistent with decompensated heart
failure. The specific characteristics that led to the grouping of
subjects as congested or not within each study are listed in
Table 1. Because the article by Haug34 collapsed subjects with
and without congestion into a single group, without providing
subject-level data, we excluded this study from our subgroup
analysis.

Meta-analysis

Retrieving subject-level data for the original articles was not
possible, as they were published between 1967 and 1984
(Table 1). So we conducted a 2-step meta-analysis19 by first
aggregating subject-level data,22,23,27e29 grouping subjects by
baseline volume status, as described above.

One investigator extracted absolute volume measurements
(indicator and dye-dilution techniques) or relative volume
measurements (venous hematocrits),35 and the number of
subjects and level of precision for each measurement (standard
deviation or standard error). Two articles presented graphical
data,33,34 and digitization software (Digitizelt, version 2.3.3,
Braunschweig, Germany; http://www.digitizeit.de/) was used
to extract measurements.

We used the following formula36 to estimate blood volume
from plasma volume and venous hematocrit:

Blood volume ¼ plasma volume
100� ðHct%� 0:96� 0:91Þ ;

where Hct% is the venous hematocrit. The constants 0.96
and 0.91 reflect, respectively, correction factors for “trapped
plasma”37 and the Fahreus effectdvenous hematocrits are
higher than “total body” hematocrits.36 For studies that re-
ported only plasma volume, we used 45% as the hematocrit
value.37,38 For one study that presented group-level data on
both plasma volume and hematocrit,26 we combined the
standard errors from each group-level measurement using the
formula provided in the Supplemental Methods.

Blood volume change was calculated relative to the most
proximate baseline measurement obtained just before admin-
istration of a diuretic. We segregated follow-up measurements
into 3 periods delineated by the opposing forces of diuresis and
plasma refill.39 These 2 processes act concurrently but slightly
out of phaseddepending on the degree of interstitial conges-
tion.40 During the first period, which includes the first 2 hours
after dosing, diuresis peaks, and in the absence of interstitial
congestion, it outpaces plasma refill. During the second period,
which includes the third hour after dosing, diuresis wanes,
whereas plasma refill may (depending on the degree of
congestion) continue to replenish the intravascular space.
Finally, during the third period, which occurs after the third
hour, the dynamic equilibrium between the intravascular and
interstitial compartments stabilizes. Although rates of diuresis
may vary among patients with different degrees of congestion,
and follow-up measurements varied among studies, these time

http://www.digitizeit.de/


Table 1. Characteristics of 16 studies by congestion subgroup

Study Year n Diuretic dose and route Measurement(s) (h after dose) Rationale for subgrouping or exclusion

Baseline congestiondincluded in analysis
Ramìrez and Abelmann23 (acute heart
failure)

1968 5* Ethacrynic acid 1 to 2 mg per kg IV Plasma volume and hematocrity (1.4) Class IV heart failure, “considerable fluid
retention”

Sigurd et al.24 1974 10 Bumetanide 3 mg IV Percent change in plasma volume (2) Signs of congestive heart failure, diuretics held
for 24 h

Austin et al.25 1976 27 Furosemide 40 to 60 mg IV (n ¼ 9) or
ethacrynic acid 25 to 50 mg IV
(n ¼ 18)

Plasma volumez (1) Class III heart failure with elevated pulmonary
artery pressure (mean of 36 mm Hg)

Figueras and Weil26 1978 21 Furosemide 40 to 160 mg IV Plasma volume and hematocrity (7.4) Acute pulmonary cardiogenic edema
Schuster et al.27 1984 21* Furosemide 40 to 80 mg IV Blood volume (4.4) Persistent clinical signs of mild to moderate

pulmonary edema
No baseline congestiondincluded in analysis
Davidov et al.28 (plasma volume) 1967 5* Furosemide 80 to 160 mg IV Blood volume (2) Edema cleared after treatment with diuretics,

previous heart failure
Davidov et al.28 (hematocrit) 1967 25* Furosemide 80 to 160 mg IV Hematocrit (2) Edema cleared after treatment with diuretics,

previous heart failure
Davidov et al.29,x (short term) 1967 32* Furosemide 40 to 300 mg IV Plasma volume and red cell volume (2) Hypertensive patients with no signs of heart

failure
Samet and Bernstein22 (2-h) 1968 25* Ethacrynic acid 200 mg PO Blood volume (2) No current signs of heart failure, previous

history of heart failure
Samet and Bernstein22 (3-h) 1968 5* Ethacrynic acid 200 mg PO Blood volume (3) No current signs of heart failure, previous

history of heart failure
Ramìrez and Abelmann23 (healthy
controls)

1968 6* Ethacrynic acid 1 to 2 mg per kg IV Plasma volume and hematocrity (1.5) No known heart or kidney disease

Rosenthal30 1968 10 Furosemide 0.5 to 0.6 mg per kg IV Blood volume (1,2) No known heart or kidney disease
Olesen31 1970 10 Furosemide 120 mg PO Hemoglobin concentration (2,4) Recumbent for 4 h despite no diuretic

treatment, history of heart disease
Scholz et al.32 1970 6 Furosemide 30 mg IV Plasma volumez (3) 2 with hyperthyroidism but no reported heart

or kidney disease
Baylis and De Beer33,|| 1981 5 Furosemide 40 mg IV Hematocrit{ (2,3) No heart or kidney disease
Not included in subgroup analysis
Haug34 1976 7 Furosemide 80 mg PO Hematocrit{ (1,3) Inseparable mix of undertreated heart failure

and healthy subjects

IV, intravenous; PO, per os (oral).
* Individual patient data were aggregated to perform the meta-analysis.
yTotal blood volume was estimated from plasma volumes and hematocrits using the formula in the Supplemental Methods.
zTotal blood volume was estimated from plasma volume and 45% as the hematocrit value, using the formula in the Supplemental Methods.
xDavidov et al.29 reported a study of blood volume measurements obtained at 2, 24, and 48 hours after furosemide 100 mg IV was administered in 6 subjects; however, this study was not included because the authors

provided no measure of dispersion (standard deviation or standard error) to generate an inverse variance weight.
|| Baylis and De Beer33 reported studying piretanide 12 mg IV in the same 5 subjects; however, this study was not included because piretanide is not approved by the US Food and Drug Administration.
{Extracted manually from graphic images with digitization software.
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Figure 1. Profiles of relative blood volume change after single loop diuretic dose by baseline congestion status. Each profile is a plot of the average
change in blood volume relative to baseline (black horizontal dashed line). The grey horizontal lines at the top of the figure represent periods
delineated by the opposing forces of diuresis and plasma refill; these 2 processes act concurrently but slightly out of phase, depending on the
degree of interstitial congestion. The profile of solid diamonds that are connected by a dashed line represents 84 subjects with baseline
congestion, and the profile of solid circles that are connected by a solid line represents 129 subjects with no baseline congestion. The vertical
lines centred on each solid diamond or circle represent 95% confidence intervals generated from a mixed-effects longitudinal meta-analysis (details
provided in the text). The profiles are statistically distinct during each follow-up period. Compared to subjects with congestion, subjects without
congestion had an average blood volume that was 5.4% lower (1.2% to 9.7%, P ¼ 0.012) in the first 2 hours after diuretic administration, 6.2%
lower (0.1% to 12.3%, P ¼ 0.047) in the third hour after diuretic administration, and 8.6% lower (3.2% to 14.1%, P ¼ 0.002) beyond the third hour.
Relative blood volume changes from individual studies are plotted with shapes that correspond to their profile: hollow diamonds are changes among
subjects with baseline congestion, and hollow circles are changes among subjects without baseline congestion.
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intervals encompass the time of maximum diuresis and
maximum relative change in blood volume.

We converted group-level average blood volume mea-
surements to relative change at each follow-up period by
subtracting the follow-up measurement from the baseline
measurement and dividing by the baseline measurement. For
articles that reported neither blood volumes nor plasma vol-
umes, we used hematocrit to determine relative changes in
blood volume. Red blood cells are neither removed nor added
during diuresis; therefore, a relative increase in a hematocrit
(hemoconcentration) indicates a relative decrease in blood
volume according to the following formula41:
% D blood volumez
hematocrit after diuretic� hematocrit before diuretic

hematocrit before diuretic
� 100:
Statistical analysis

Some studies reported more than one follow-up measure-
ment, and we conducted a longitudinal random-effects met-
a-analysis to account for correlations between repeated
measurements within the same studies.42 We weighted each
group-level blood volume change using study-specific inverse
variances and covariances43 that were obtained from the
standard errors of relative blood volume change, as described
in detail in the Supplemental Methods.
Results
We identified 13 eligible articles that reported results from

16 unique studies (Supplemental Fig. S1). Table 1 shows the
characteristics of these 16 studies. Studies included 220 sub-
jects overalld89 with congestion and 131 without. Most
authors provided scant additional details about subjects’
baseline characteristics, such as left ventricular ejection frac-
tion, the nature of the right side of the heart, baseline renal
function, and urine output.

Loop diuretic doses, types, and routes of administration
varied widely among studies. Four different types of loop
diuretics were used: furosemide (n ¼ 10); ethacrynic acid
(n ¼ 4); furosemide or ethacrynic acid (n ¼ 1); and bume-
tanide (n ¼ 1). Additionally, diuretics were given intrave-
nously in 12 studies and orally in 4 studies. Some studies used
a fixed dose (n ¼ 7), whereas others titrated doses to subject
responses (n ¼ 9). For example, Scholz et al.32 administered a
fixed 30-mg intravenous dose of furosemide, and Davidov
et al.29 titrated intravenous furosemide to doses as high as 300
mg.

Methods of blood volume measurements also varied
among studies. Although 5 studies reported absolute blood
volumes, the remaining 11 used indirect estimates of blood
volume, as follows: hemoglobin concentrations (n ¼ 1);
percentage change in plasma volumes (n ¼ 1); plasma vol-
umes (n ¼ 2); hematocrits (n ¼ 3); or a combination of
plasma volumes and hematocrits or red blood cell volumes
(n ¼ 4). The timing of follow-up measurements ranged from
1 to 7.4 hours after a diuretic dose; the most common timing
was 2 to 3 hours after. Twelve studies reported a single follow-
up measurement; 4 studies made repeated follow-up
measurements.



Figure 2. Schematic profiles of relative blood volume used to estimate plasma refill rate. The plasma refill rate can be estimated from cumulative
urine output if the relative blood volume profile is known. Three different plasma refill rates are depicted in the schematic; these represent either
different patients or different volume states within the same patient. In the top panel, the solid red line represents severe congestiondrelative
blood volume remains at baseline despite diuresis. The solid yellow line represents intermediate congestiondrelative blood volume is initially
negative but returns to baseline. The solid green line represents a decongested volume statusdrelative blood volume is persistently negative
throughout follow-up. In the bottom panel, the solid red, yellow, and green lines represent cumulative urine output after a loop diuretic is
administered, while the dashed red, yellow, and green lines represent the cumulative plasma refill. The lines are coded to correspond to the relative
blood volume profiles in the top panel. In the case of severe congestion (red lines), just a single measurement of cumulative urine output is needed
at the first follow-up to generate a lower-bound estimate for the plasma refill rate (� a/t1). For intermediate congestion (yellow lines), the plasma
refill rate is estimated as the cumulative urine output divided by the time since loop diuretic administration at the second follow-up (b/t2). Last, for
the decongested state, blood volume does not return to baseline. So the cumulative plasma refill (e) is not measurable and, therefore, only an upper
bound (< c/t2) for the plasma refill rate can be specified.
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Despite variable methods, we calculated a e7.2% change
in average blood volume in the first 2 hours after diuretic
dosing (95% confidence interval [CI] e10.4% to e4.1%)
and a e9.2% change in the third hour (e12.0% to e6.6%;
Supplemental Fig. S2). After the third hour, the average blood
volume change for all subjects was not different from baseline
(e6.3% to þ0.7%; P ¼ 0.11).

When grouped by baseline congestion, 2 statistically
distinct profiles of average blood volume change emerged
(Fig. 1). The shapes of these profiles differed in 2 important
respects. First, the profile for subjects without baseline
congestion was farther from baseline than the profile for
subjects with baseline congestion. During each follow-up
period, subjects without congestion experienced a 5% or
greater reduction in relative blood volume change than sub-
jects with congestion. Second, although average blood volume
among subjects with congestion returned to baseline in the
third hour after diuretic administration (e3.7% [95% CI
e9.4% to þ2.0%], P ¼ 0.2), it remained lower than baseline
beyond the third hour (e3.4% [95% CI e7.9% to e1.1%])
among subjects without congestion.
Discussion
Blood volume change after loop diuretic administration

was studied decades ago; the papers included in this meta-
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analysis were all published between 1968 and 1984 (Table 1).
The findings then were not conclusive, however. Many early
papers, such as those by Davidov et al. (1967)28,29 and Samet
and Bernstein (1968),22 reported large decreases in blood
volume after loop diuretic administration. In later papers,
blood volume was found, paradoxically, to be increased.
When explaining this inconsistency in 1984 (the year of the
most recent paper in our meta-analysis), Schuster et al. opined
that “the preponderant evidence now does not support the
concept that blood volume is depleted after furosemide.”27

Our findings suggest otherwise. When all eligible studies
were combined, the average subject’s blood volume decreased
by more than 5% during the first 2 hours, and by more than
9% during the third hour after diuretic administration
(Supplemental Fig. S2). These findings remain provisional,
given the heterogeneity of loop diuretic dosing and relative
blood volume measurement. But our meta-analysis is the only
comprehensive review of these data; as such, it provides the
strongest evidence that loop diuretics cause measurable de-
creases in blood volume within hours of a single dose.

The relationship between a loop diuretic dose and blood
volume change is nuanced. We found that subjects’ baseline
congestion level determines just how much a dose decreases
blood volume. Subjects who were not congested at baseline
experienced 5% or greater decrease in relative blood volume
change at each follow-up period, compared to subjects with
congestion (Fig. 1). This difference persisted after the period
of diuresis in those who were not congested, as they did not
return to their baseline volume status during the follow-up
periods studied. The finding that baseline congestion
dampens the impact of a loop diuretic dose on blood volume
likely explains some of the discrepant findings seen by earlier
investigators, as studies enrolled subjects with variable
amounts of congestion, which may have masked the tendency
of a loop diuretic dose to decrease blood volume (Table 1).
More important than resolving a decades-old question about
the impact of loop diuretics on blood volume, the clinical
implications of our findings may yield insights into how
congestion can be better monitored and treated by measuring
relative blood volume change, along with urine output, to
potentially track plasma refill rates within patients after they
have received serial doses of loop diuretics.

Congestion accumulates in 2 separate extracellular fluid
compartments that exist in dynamic equilibrium: the intra-
vascular compartment (plasma) and the extravascular
compartment (interstitium). Although distribution across
these compartments can make congestion difficult to assess,
studies of mechanical fluid removal, such as ultrafiltration,
have shown that the rate at which extravascular fluid re-
plenishes intravascular fluidd that is, the plasma refill
ratedcorrelates with the degree of interstitial congestion.
Other things being equal, a greater level of interstitial
congestion is associated with a brisker plasma refill rate.12 The
plasma refill rate is the net amount of fluid that crosses into
the intravascular compartment per unit of time, usually
expressed as milliliters per minute. Although the volume of
fluid crossing into the intravascular compartment cannot be
directly measured, it can be inferred from 2 measurements: (i)
the amount of fluid removed from the intravascular
compartment (such as the ultrafiltrate volume during ultra-
filtration or the urine output during diuresis); and (ii) the
relative blood volume change associated with that removal.
Note that estimates of plasma refill rate do not depend on
measurements of plasma volume, which are cumbersome. As
shown in Figure 2, the plasma refill rate is the volume
removed, divided by the time it takes for the blood volume to
return to baseline. And so, if the blood volume decreases and
then returns to baseline, the plasma refill rate is the amount of
fluid removed divided by the duration of the period of
removal (expressed in mL per minute).

The difficulty in measuring plasma refill rate during diu-
resisdan idea proposed by Boyle and Sobotka over 15 years
ago17dis not in measuring the urine output, but in knowing
what is happening to the blood volume during diuretic fluid
removal. Our findings suggest that 3 follow-up blood volume
measurements after a loop diuretic dosedduring the first 2
hours, during third hour, and after the third hourdwould be
sufficient, along with careful urine output measurements, to
make the plasma refill rate estimable.

These findings are subject to several important limitations.
The first, and most important limitation, is the amount of
methodological heterogeneity across studies, as depicted in the
fourth and fifth columns of Table 1. Studies varied in how
loop diuretics were administered; diuretic type, route, and
dose certainly impact the extent and timing of diuresis and,
hence, relative blood volume changes. Studies also varied in
how and when blood volume was measured. In some cases, we
used simplifying assumptions to estimate blood volume from
other measurements (eg, absolute plasma volume and he-
matocrit); doing so may have introduced biases or added
imprecision to our estimates. Collapsing the timing of follow-
up measurements into 3 “categorical” periods is also a
simplification that may obscure important differences among
subjects. Nevertheless, such heterogeneity (and remedies to
address it) tend to bias to the null: flat profiles statistically
indistinguishable from baseline. A discernable signal
strengthens our findings because despite the methodological
differences among studies, clear, statistically significant dif-
ferences in relative blood volume changes emerged when
congested subjects were compared to noncongested subjects.
Second, the original papers provided scant information about
subjects’ baseline characteristics beyond the authors’ clinical
impressions. We were unable to explore how clinical profiles
that are known to impact the dynamics of decongestion, such
as the dominant “sidedness” of elevated filling pressures (left
vs right) and the systolic function of the left ventricle (pre-
served or not),3 may impact relative blood volume changes.
This lack of data made our assignment by baseline congestion
status difficult to corroborate. Yet the pre-diuretic state of
congestion is the simplest pathophysiological explanation of
the divergent blood volume changes. Third, some studies
reported urine output, but many did not. Although this
prevented us from adjusting for diuretic responsiveness in our
models (as well as estimating plasma refill rates), 4 out of 5
studies of subjects with congestion titrated the diuretic dose to
achieve an adequate urine output (Table 1), suggesting that
diuretic responsiveness was achieved and that the lack of blood
volume change in the congested group is not simply from
inadequate diuresis. Fourth, original papers were published
more than 4 decades ago; contemporary management of heart
failure patients, particularly with neurohormonal antagonist
therapies, may influence relative blood volume change. Fifth,
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our findings apply to only intermittent dosing of loop di-
uretics. Fluid removal with continuous intravenous infusions
may produce a more steady change in relative blood volume
from baseline that may, therefore, not be measurable. Last,
opinions differ about how to combine longitudinal data for a
meta-analysis with both subject-level and group-level data.
Nevertheless, to avoid potential biases introduced by using
only subject-level data,18 we included both types of data,
using a method that has outperformed others in simulation
studies (Supplemental Methods).

The limitations of our meta-analysis could be addressed in
a contemporary study of patients hospitalized for decongestive
diuretic therapy using diuretic doses that ensure that some
minimum effective urine output is achieved.44 Careful mea-
surement of urine output will be needed to interpret relative
blood volume profiles (without urine output data, a flat
profile, for example, cannot distinguish between brisk refill
and no diuresis) and generate estimates of plasma refill rates,
as depicted in Figure 2. To ensure the feasibility of measuring
plasma refill rates in real-world scenarios, routine serial he-
matocrits could be used to measure relative blood volume.45

The measurement error of repeat hematocrits obtained on
stable patients46 (the so-called reference change value47) is
smaller than the changes in relative blood volume we observed
(Fig. 1), indicating that serial measurements of hematocrits
would have sufficient precision to allow confidence in detec-
tion of clinically useful changes in blood volume following
diuretic administration.

The most critical issue to be addressed by future studies is
whether, as with ultrafiltration,12 relative blood volume
change and plasma refill rates are feasible to measure, and
responsive to volume status changes across serial doses within
individual patients.48 If they are feasible to measure and
responsive to meaningful clinical changes, plasma refill rates
could be used to monitor decongestive therapy across serial
diuretic doses. Our expectation is that, were such a study to be
done, plasma refill rates would decline alongside congestion,
and change in plasma refill rate would serve as an objective
measure of change in a patient’s clinical trajectory.3 For
example, a change from a “wet” to a “dry” (fast to slow)
plasma refill rate may help confirm that a patient whose
decongestive therapy has “stalled” after initial improvement is
actually optivolemic and ready for discharge.3 Similarly, an
increasing plasma refill rate may uncover the emergence of
otherwise subclinical congestion in the outpatient setting.49
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