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biological parameters, clinical congestion scores, imaging 
tools, and pressure or impedance-based tools are available, 
right heart catheterization remains the gold standard for 
the evaluation of hemodynamic congestion in patients with 
heart failure (HF).6,7 However, right heart catheterization 
is invasive and can be harmful when used routinely.8

Plasma volume (PV) expansion plays an essential role in 
HF; PV and the change in PV can be estimated by several 
formulas based on readily available data such as hematocrit 
(Hct), hemoglobin (Hb), and body weight (BW).9–11 In 
addition, it has recently been reported that PV status (PVS), 
which represents the deviation from a patient’s ideal PV, can 
be calculated using a simple formula.12,13 These PV indices 
are inexpensive, easy-to-use, and non-invasive methods 
for the assessment of congestion, and they can be used 
repeatedly during a single hospital stay. Although several 

D espite acute decompensated heart failure (ADHF) 
being a major health problem worldwide, there has 
been no improvement in postdischarge mortality 

or readmission rates.1 The main reason for hospitalization 
for ADHF is signs and symptoms of congestion.2,3 Because 
both congestion on admission and residual congestion at 
discharge are associated with poor clinical outcomes in 
patients admitted for ADHF,4,5 the detection and quanti-
fication of congestion has paramount importance in the 
management of patients with ADHF. The assessment of 
congestion is often difficult, especially when symptoms are 
mild.6 However, it has been reported that patients are still 
at risk of a poor clinical outcome even when the signs and 
symptom of congestion are absent or minimal.5 Therefore, 
tools and methods for the detection of subclinical hemody-
namic congestion are required. Although several biomarkers, 
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Background: Congestion is one of the main predictors of poor outcome in patients with heart failure (HF); thus, a simple tool to 
evaluate plasma volume (PV), which can be used for risk stratification of HF patients, is necessary. We sought to compare the 
prognostic values of commonly used formulas for the estimation of PV and relative PV status (PVS) in patients admitted with acute 
decompensated HF (ADHF).

Methods and Results: We analyzed 384 consecutive ADHF patients who survived to discharge. The PV was calculated by 3 
commonly used formulas (Strauss, Kaplan, and Hakim), and the relative PVS was calculated using the Hakim formula at both admission 
and discharge. The primary endpoint was a composite of all-cause mortality and hospitalization for worsening HF. The secondary 
endpoints were pump failure death (PFD) and sudden cardiac death (SCD). During a median follow-up of 743 days, 175 patients 
reached the primary endpoint, 28 patients had PFD, and 20 patients had SCD. Multivariate Cox analysis revealed that among the 
PV indices, only the PVS values at admission and discharge were independent predictors of the primary endpoint. In addition, the 
PVS values at admission and discharge were independent predictors of PFD and SCD in the multivariate analysis.

Conclusions: Among the indices of PV, the calculated PVS may be the most useful for predicting prognosis in ADHF patients.
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and <12.0 g/dL for females, according to the World Health 
Organization criteria.14,17 The left ventricular ejection 
fraction (LVEF) was measured by echocardiography using 
a standard technique.19 Patients were classified according 
to the Clinical Scenario (CS) classification, based on systolic 
blood pressure at admission and other symptoms as previ-
ously reported.22 We also collected laboratory data, such 
as blood urea nitrogen (BUN) levels, serum levels of 
sodium and creatinine, plasma levels of B-type natriuretic 
peptide (BNP), and information on discharge prescriptions 
and device therapy. The estimated glomerular filtration 
rate (eGFR) was calculated using the modified isotope 
dilution mass spectrometry traceable modification of diet 
in renal disease (IDMS-MDRD) study equation with a 
Japanese coefficient.23

Endpoints
After discharge, all patients were followed-up in the HF 
unit of our center at least once every 1 or 2 months. The 
primary endpoint was a composite of all-cause death and 
unplanned hospitalization for worsening HF. The principal 
secondary endpoints were pump failure death (PFD) and 
sudden cardiac death (SCD). PFD was defined as death 
resulting from a deterioration of congestive HF with 
progression of congestive symptoms. SCD was defined as 
witnessed cardiac arrest or death within 1 h of the onset of 
acute symptoms, or unexpected, unwitnessed death in a 
patient known to have been well within the previous 24 h.24 
Cardiac death, including PFD and SCD, non-cardiac death, 
and unplanned hospitalization for worsening HF were 
additional secondary endpoints. The data on these events 
were obtained by physicians from direct contact with their 
patients at the hospital in an outpatient setting, or by mail 
or a telephone interview of patients or their families by 
dedicated coordinators and investigators.

Statistical Analysis
Results are reported as the median (25–75th percentiles) 
for continuous data and percentages for categorical data. 
The Mann-Whitney U-test and chi-square test were used to 
compare differences in continuous and categorical variables, 
respectively. The prognostic value of the baseline charac-
teristics was assessed with a Cox proportional hazards 
regression analysis. A multivariate Cox model for the 
primary endpoint in the total patients was adjusted for a 
total of 17 admission and discharge characteristics (age, sex, 
hypertension, CAD, DM, AF, anemia, LVEF at admission, 
systolic blood pressure at admission, New York Heart 
Association functional class III or IV at discharge, BUN at 
discharge, serum sodium at admission, eGFR at admission, 
plasma BNP level at discharge, loop diuretic received at 
discharge, angiotensin-converting enzyme inhibitor or 
angiotensin II type 1 receptor blocker received at discharge, 
and β-blocker received at discharge). These variables are 
thought to be clinically important or have been previously 
demonstrated to have prognostic significance.25,26 A multi-
variate Cox analysis for the principal secondary endpoints 
was performed using forced inclusion models involving age 
and pertinent covariates, taking into consideration a rela-
tively small number of events. Multivariate Cox models for 
the primary endpoint in subgroups (patients with LVEF 
<45% and those with LVEF ≥45%, and patients in CS1 
and those not in CS1) and for additional secondary 
endpoints were adjusted for a total of 5 admission and 
discharge characteristics (age, LVEF at admission, eGFR 

studies have assessed the prognostic impact of these PV 
indices in patients with ADHF,14–17 little comparative 
information is available, or the clinical significance of these 
PV indices, in ADHF patients. Moreover, it is unknown 
whether these PV indices are useful for the prediction of 
the mode of death, which may assist in decision making 
with regards to specific medications or devices. Accordingly, 
we aimed to evaluate and compare the prognostic value of 
these PV indices and their association with the mode of 
death in ADHF patients.

Methods
Subjects
We analyzed patients who were enrolled in our ongoing 
single-center, prospective cohort registry, “Osaka Prefec-
tural trial: Acute heart failure syndrome Registry (OPAR)” 
(clinical registration with the University hospital Medical 
Information Network: UMIN000015246). The registry 
included consecutive patients who were admitted with a 
diagnosis of ADHF according to the Framingham criteria18 
and who survived to discharge.19 Only the first admission 
of each patient during the study period was registered. 
Patients with acute coronary syndrome and active malig-
nancy were not registered. The exclusion criteria were as 
follows: missing Hct, Hb, or BW data at admission or 
discharge; chronic hemodialysis; severe valvular or coronary 
artery disease that required surgical treatment during 
hospitalization or just after discharge; and withdrawal of 
informed consent. Patients were also excluded if they were 
judged inappropriate for this study by their primary physi-
cians because of difficulty with follow-up and predicted 
poor adherence. Enrollment was performed from October 
2011 to April 2016. The study was carried out in accordance 
with the principles outlined in the Declaration of Helsinki, 
and the institutional ethics committee approved the study 
protocol. Written informed consent was provided by all 
participants prior to their enrollment.

Data Collection
All patients underwent venous blood sampling and BW 
measurement at admission and discharge. Blood samples 
were drawn from an IV cannula after the patient had rested 
supine for >30 min. The estimated PV (ePV) was calculated 
with the Kaplan formula as follows: ePV (L)=(0.065×BW 
(kg))×(1−Hct).10 The ePV was also calculated with the 
Hakim formula as follows: ePV (mL)=(1−Hct)×[a+(b×lean 
BW (kg))], where a=1,530 in males and 864 in females, and 
b=41.0 in males and 47.2 in females.11 The lean BW was 
calculated from the height and BW as previously reported.20 
The percent change in PV between admission and discharge 
(%∆PV) was calculated using the ePV values from the 
Kaplan and Hakim formulas: %∆PV=[(ePV (at discharge) 
−ePV (on admission))/ePV (on admission)]×100 (%). With 
the Strauss formula, %∆PV was calculated as %∆PV= 
[((Hb1/Hb2)×((1−Hct2)/(1−Hct1)))−1]×100 (%), where 
1=admission value and 2=discharge value.9 The PVS was 
calculated with the Hakim formula as follows: PVS= 
[(ePV−ideal PV)/ideal PV]×100 (%), where ideal PV=c×BW 
(c=39 in males and 40 in females).21

We collected clinical variables, including age, sex, history 
of hypertension, presence of coronary artery disease (CAD), 
diabetes mellitus (DM), AF, chronic obstructive pulmonary 
disease (COPD), anemia, and prior HF admissions. Anemia 
was defined as an admission Hb level <13.0 g/dL for males 
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Table 1. Baseline Characteristics of the Study Patients

Characteristics Total  
(n=384)

Patients with  
events (n=175)

Patients without 
events (n=209) P value*

Age (years) 76 (67~84)　　 79 (72~86)　　 73 (64~82)　　 <0.0001　
Male sex 57% 57% 58% 0.7943

Etiology 0.0005

  DCM 25% 18% 30%

  ICM 24% 30% 20%

  VHD   9% 13%   5%

  Other 42% 39% 45%

Hypertension 81% 83% 78% 0.2204

CAD 37% 45% 31% 0.0049

Diabetes mellitus 43% 45% 41% 0.4316

Atrial fibrillation 48% 50% 46% 0.4498

COPD 23% 22% 23% 0.6870

Anemia 62% 75% 51% <0.0001　
Prior HF hospitalization 19% 31% 10% <0.0001　
LVEF at admission (%) 39 (30~53)　　 41 (30~57)　　 39 (30~50)　　 0.1371

  LVEF <45% 61% 57% 64%

  LVEF ≥45% 39% 43% 36%

Category of HF 0.1045

  HFrEF 52% 48% 55%

  HFmrEF 17% 16% 19%

  HFpEF 31% 36% 26%

CS classification 0.0305

  CS1/CS2/CS3/CS5 61/34/4/1% 56/37/6/1% 65/32/2/1%

SBP at admission (mmHg) 148 (130~174) 144 (125~169) 150 (133~177) 0.0167

DBP at admission (mmHg) 86 (72~102) 78 (67~91)　　 93 (79~108) <0.0001　
Heart rate at admission (beats/min) 99 (82~122) 90 (77~111) 112 (92~130)　　 <0.0001　
BW

  At admission (kg) 57 (49~67)　　 53 (47~62)　　 61 (51~71)　　 <0.0001　
  At discharge (kg) 51 (43~61)　　 48 (42~55)　　 54 (45~62)　　 0.0001

  ΔBW (kg)  −6.0 (−8.9~−3.6)  −5.5 (−8.1~−3.3)  −6.2 (−9.2~−4.0) 0.0293 

NYHA class III/IV at discharge 28% 41% 17% <0.0001　
Laboratory findings

  BUN at admission (mg/dL) 23 (17~32)　　 27 (21~39)　　 19 (16~26)　　 <0.0001　
  BUN at discharge (mg/dL) 25 (18~36)　　 30 (22~44)　　 22 (16~29)　　 <0.0001　
  Serum sodium at admission (mEq/L) 139 (137~141) 139 (136~141) 140 (137~142) 0.0037

  Serum sodium at discharge (mEq/L) 139 (136~141) 138 (135~140) 140 (137~141) 0.0001

  Serum creatinine at admission (mg/dL) 1.1 (0.9~1.5)　 1.3 (1.0~1.9)　 1.0 (0.8~1.3)　 <0.0001　
  Serum creatinine at discharge (mg/dL) 1.1 (0.9~1.6)　 1.3 (1.0~1.9)　 1.0 (0.8~1.3)　 <0.0001　
  eGFR at admission (mL/min/1.73 m2) 45 (31~60)　　 36 (24~50)　　 52 (40~65)　　 <0.0001　
  eGFR at discharge (mL/min/1.73 m2) 44 (30~59)　　 35 (23~49)　　 51 (37~63)　　 <0.0001　
  Plasma BNP at admission (pg/mL)    734 (460~1,280)    835 (486~1,335)    699 (445~1,188) 0.1103

  Plasma BNP at discharge (pg/mL) 204 (102~401) 249 (125~501) 182 (84~326)　　 0.0001

Discharge medication and device therapy

  Loop diuretics 86% 87% 85% 0.6357

  ACEI/ARB 55% 43% 65% <0.0001　
  β-blocker 89% 85% 92% 0.0377

  Aldosterone antagonist 34% 41% 28% 0.0079

  Implantable cardioverter-defibrillator   4%   8%   1% 0.0019

  Cardiac resynchronization therapy   4%   6%   1% 0.0117

Values are presented as median (interquartile range) or %. Events represent all-cause death and unplanned hospitalization for worsening HF. 
*P values are based on comparisons between patients with and without events. ACEI, angiotensin-converting enzyme inhibitor; ARB, 
angiotensin-receptor blocker; BNP, B-type natriuretic peptide; BUN, blood urea nitrogen; BW, body weight (ΔBW, change in body weight 
between admission and discharge); CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; CS, Clinical Scenario; DBP, 
diastolic blood pressure; DCM, dilated cardiomyopathy; eGFR, estimated glomerular filtration rate; HF, heart failure; HFmrEF, HF with mid-range 
ejection fraction; HFpEF, HF with preserved ejection fraction; HFrEF, HF with reduced ejection fraction; ICM, ischemic cardiomyopathy; LVEF, 
left ventricular ejection fraction; NYHA, New York Heart Association; SBP, systolic blood pressure; VHD, valvular heart disease.
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history of prior HF admission. In addition, the NYHA class 
at discharge, BUN and serum creatinine levels at admission 
and discharge, plasma BNP level at discharge, and usage of 
an aldosterone antagonist and device therapy at discharge 
were higher in patients who reached the primary endpoint. 
The systolic and diastolic blood pressures and heart rates 
at admission, BW at admission and discharge, weight loss 
during hospital stay, serum sodium and eGFR at admission 
and discharge, and the usage of angiotensin-converting 
enzyme inhibitors or angiotensin II type 1 receptor blockers 
and β-blockers at discharge were lower in patients who 
reached the primary endpoint.

Comparison of PV Indices
With regard to the PV indices, statistically significant 
differences between the 2 groups were seen in PVS at 
admission and discharge. There was no significant difference 
in the other PV indices between groups (Table 2).

Prognostic Analysis
Univariate and multivariate Cox proportional hazard 
analyses for all-cause death and unplanned hospitalization 
for worsening HF are shown in Table 3. Among all of the 
PV indices tested, only the PVS values at admission and 
discharge were independent predictors of the primary 
endpoint in the multivariate Cox analysis, although ePV 
calculated with the Hakim formula also predicted the 
primary endpoint in the univariate analysis. Kaplan-Meier 
analysis showed that patients with a higher PVS had a 
significantly greater risk of all-cause death and unplanned 
hospitalization for worsening HF when they were stratified 
into 2 groups based on the median value of PVS at admis-
sion (−14.8%) or discharge (−6.8%) (Figure 1). ROC curve 
analysis showed that only the PVS at admission (AUC 0.682 
[95% CI: 0.633 to 0.728], P<0.0001) and discharge (AUC 
0.656 [95% CI: 0.606 to 0.704], P<0.0001) were significant 
predictors of the primary endpoint (Table 4).

We performed subgroup analyses in order to examine 
whether the prognostic value of PVS was affected by LVEF 
or CS classification (Table 3). One patient with missing 
LVEF data at admission was excluded from the subgroup 
analysis by LVEF. When the patients were divided into 

at admission, and plasma BNP level at discharge). The 
plasma BNP level was log10 transformed prior to inclusion 
in the Cox models. The event-free survival rates were 
calculated using the Kaplan-Meier method, and the differ-
ences in survival rates were compared between groups with 
the log-rank test. The predictive value of the indices of PV 
for the primary endpoint was compared using receiver-
operating characteristic (ROC) curve analysis, and results 
are expressed in terms of the area under the curve (AUC) 
and 95% confidence interval (CI) for this area. A P-value 
<0.05 was considered significant. Statistical analysis was 
performed with a standard statistical program package 
(MedCalc Statistical Software version 18.9, MedCalc 
Software bvba, Ostend, Belgium).

Results
During the enrollment period, 432 patients were registered. 
After excluding 48 patients who met the exclusion criteria 
(missing Hct, Hb or BW data, n=6; chronic hemodialysis, 
n=19; severe valvular disease or CAD that required surgical 
treatment during hospitalization or just after discharge, 
n=6; withdrawal of informed consent, n=1; judged inap-
propriate as subjects for this study by primary physicians, 
n=16), the final cohort for analysis consisted of 384 patients. 
During a median follow-up of 743 days, 175 patients 
reached the primary endpoint of all-cause death or 
unplanned hospitalization for worsening HF. Cardiac death 
occurred in 48 patients: 28 patients had PFD and 20 patients 
had SCD. Non-cardiac death occurred in 71 patients 
(pneumonia, n=19; cancer, n=14; infection/sepsis, n=9; old 
age, n=6; stroke, n=5; renal failure, n=3; gastrointestinal 
bleeding, n=2; other causes of death, n=13), and unplanned 
hospitalization for worsening HF occurred for 110 patients.

Comparison of Baseline Characteristics
The baseline characteristics are summarized in Table 1. 
There was a significant difference in the proportion of HF 
etiology and CS classification between the patients with and 
without the primary endpoint. The patients who reached 
the primary endpoint were older and had a higher preva-
lence of CAD and anemia, and were more likely to have a 

Table 2. Plasma Volume Indices of the Study Patients

Characteristics Patients with events 
(n=175)

Patients without events 
(n=209) P value

%ΔPV (Strauss) (%)      2.8 (−10.6~16.3)    3.3 (−7.5~14.8) 0.6778

ePV at admission (Kaplan) (mL)    2,254 (2,035~2,686)    2,379 (2,008~2,811) 0.1552

ePV at discharge (Kaplan) (mL)    2,061 (1,805~2,385)    2,123 (1,861~2,532) 0.1004

ΔePV (Kaplan) (mL) −235 (−371~−94) −225 (−393~−81) 0.8845

%ΔPV (Kaplan) (%)  −10.5 (−15.8~−4.1)    −9.8 (−15.9~−3.7) 0.8082

ePV at admission (Hakim) (mL)    1,971 (1,682~2,219)    1,885 (1,649~2,155) 0.1492

ePV at discharge (Hakim) (mL)    1,945 (1,614~2,198)    1,848 (1,612~2,147) 0.2795

ΔePV (Hakim) (mL) −36 (−132~52) −35 (−125~56) 0.6965

%ΔPV (Hakim) (%) −1.6 (−6.9~2.1)　 −1.7 (−7.0~3.1)　 0.6681

PVS at admission (%)  −9.0 (−19.8~2.1)    −19.4 (−30.9~−10.8) <0.0001　
PVS at discharge (%)      0.6 (−13.4~13.5) −11.1 (−21.9~1.3)　 <0.0001　
ΔPVS (%)  9.0 (4.3~13.5)  8.0 (4.3~13.5) 0.5500

Values are presented as median (interquartile range) or %. Events represent all-cause death and unplanned 
hospitalization for worsening heart failure. ePV, estimated plasma volume; PVS, plasma volume status; ΔePV, 
change in estimated plasma volume between admission and discharge; ΔPVS, change in PVS between admission 
and discharge; %ΔPV, percent change in plasma volume between admission and discharge.
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Based on the result that PVS was the most powerful 
predictor of the primary endpoint among all the PV indices, 
we subsequently investigated whether PVS could predict 
the mode of death (Table 5). The PVS at admission and 
discharge, and the change in PVS during hospital stay 
(∆PVS) were associated with PFD in multivariate analysis, 
even after adjustment for established prognosticators. The 
PVS values at admission and discharge were also indepen-
dent predictors of SCD, although the relationship between 
the PVS at discharge and SCD was attenuated and lost 
statistical significance after adjustment for the eGFR at 
admission. In contrast, the ∆PVS had no association with 

those with LVEF <45% and those with LVEF ≥45%, 
multivariate Cox analysis revealed that the PVS values at 
admission and discharge were independent predictors of 
the primary endpoint in both groups. Although the PVS at 
discharge lost statistical significance in the multivariate 
model in patients in CS1, the PVS at admission was inde-
pendently associated with the primary endpoint in the 
patients in CS1 and those not in CS1. There was a signifi-
cant difference in the risk of the primary endpoint when the 
patients were divided into 2 groups according to the 
median values of the admission PVS (−14.8%) or discharge 
PVS (−6.8%) in all subgroup analyses (Figure 1).

Table 3. Univariate and Multivariate Cox Analysis for All-Cause Death and Unplanned Hospitalization for 
Worsening HF

HR (95% CI) P value

Cox analysis in total patients (n=384)

  ePV at admission (Hakim)

    Unadjusted 1.0005 (1.0000~1.0009) 0.0494

    Adjusted model* 1.0002 (0.9994~1.0010) 0.6549

  PVS at admission

    Unadjusted 1.0292 (1.0203~1.0382) <0.0001　
    Adjusted model* 1.0166 (1.0039~1.0294) 0.0103

  PVS at discharge

    Unadjusted 1.0241 (1.0162~1.0320) <0.0001　
    Adjusted model* 1.0156 (1.0052~1.0261) 0.0033

Cox analysis in patients with LVEF <45% at admission (n=233)

  PVS at admission

    Unadjusted 1.0323 (1.0209~1.0439) <0.0001　
    Adjusted model** 1.0174 (1.0040~1.0310) 0.0107

  PVS at discharge

    Unadjusted 1.0272 (1.0168~1.0377) <0.0001　
    Adjusted model** 1.0129 (1.0012~1.0248) 0.0303

Cox analysis in patients with LVEF ≥45% at admission (n=150)

  PVS at admission

    Unadjusted 1.0226 (1.0081~1.0374) 0.0022

    Adjusted model** 1.0229 (1.0063~1.0398) 0.0068

  PVS at discharge

    Unadjusted 1.0188 (1.0067~1.0311) 0.0023

    Adjusted model** 1.0204 (1.0068~1.0343) 0.0032

Cox analysis in patients in CS1 (n=234)

  PVS at admission

    Unadjusted 1.0281 (1.0158~1.0406) <0.0001　
    Adjusted model** 1.0159 (1.0017~1.0304) 0.0281

  PVS at discharge

    Unadjusted 1.0199 (1.0092~1.0308) 0.0002

    Adjusted model** 1.0094 (0.9978~1.0210) 0.1126

Cox analysis in patients not in CS1 (n=150)

  PVS at admission

    Unadjusted 1.0298 (1.0170~1.0427) <0.0001　
    Adjusted model** 1.0167 (1.0021~1.0315) 0.0250

  PVS at discharge

    Unadjusted 1.0285 (1.0169~1.0402) <0.0001　
    Adjusted model** 1.0191 (1.0059~1.0325) 0.0044

*Adjusted for age, sex, hypertension, CAD, diabetes mellitus, atrial fibrillation, anemia, LVEF at admission, SBP at 
admission, NYHA functional class III or IV at discharge, BUN at discharge, serum sodium at admission, eGFR at 
admission, plasma brain natriuretic peptide at discharge, loop diuretic received at discharge, ACEI or angiotensin II 
type 1 receptor blocker received at discharge, and β-blocker received at discharge. **Adjusted for age, LVEF at 
admission, eGFR at admission, and plasma brain natriuretic peptide at discharge. CI, confidence interval; CS, Clinical 
Scenario; HR, hazard ratio; additional abbreviations as in Tables 1,2.
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or discharge had a greater risk of both PFD and SCD, 
whereas a higher ∆PVS was only associated with a greater 
risk of PFD.

Lastly, we evaluated the predictive value of PVS on car-
diac death, non-cardiac death, and unplanned hospitalization 

SCD, even in the univariate analysis. Kaplan-Meier curves 
for PFD and SCD are shown in Figure 2. When patients 
were divided into 2 groups according to the median values 
of the admission PVS (−14.8%), discharge PVS (−6.8%), 
or the ∆PVS (8.4%), patients with a higher PVS at admission 

Figure 1.  Cumulative incidence of 
the primary endpoint according to 
plasma volume status (PVS) at 
admission and discharge. Kaplan-
Meier curves for the primary endpoint 
(a composite of all-cause death and 
unplanned hospitalization for wors-
ening heart failure) in total patients 
(A,B), patients with left ventricular 
ejection fraction (LVEF) <45% (C,D) 
and ≥45% (E,F), and patients in 
Clinical Scenario (CS) 1 (G,H) and not 
in CS 1 (I,J) when stratified according 
to PVS at admission (A,C,E,G,I) and 
discharge (B,D,F,H,J).
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congestion does not guarantee the resolution of hemody-
namic congestion and improved prognosis in patients 
admitted for ADHF.5 Right heart catheterization is cur-
rently the most accurate way to assess hemodynamic 
congestion in HF patients, but its routine use is not 

for worsening HF (Supplementary Table). The PVS values 
at admission and discharge were associated with cardiac 
death, non-cardiac death, and unplanned hospitalization 
for worsening HF in the multivariate analysis. Although 
the ∆PVS was associated with cardiac death in the multi-
variate analysis, the ∆PVS had no association with non-
cardiac death or unplanned hospitalization for worsening 
HF. When patients were divided into 2 groups according 
to the median values of the admission PVS (−14.8%), 
discharge PVS (−6.8%) and the ∆PVS (8.4%), patients with 
a higher PVS at admission or discharge had greater risks 
of cardiac death, non-cardiac death, and unplanned hospi-
talization for worsening HF, whereas a higher ∆PVS 
was only associated with a greater risk of cardiac death 
(Figure 3).

Discussion
Increased intracardiac filling pressures without overt 
congestive signs and symptoms is termed ‘hemodynamic 
congestion’.5–7 HF patients with hemodynamic congestion 
have been reported to have outcomes as poor as those with 
overt signs and symptoms of congestion.27 Although clinical 
signs and symptoms of congestion have long been used as 
a marker of congestion,7,28 they are neither sensitive nor 
specific for congestion and might be non-cardiac in origin; 
therefore, relying on a single measure can be misleading.6,7 
Moreover, the alleviation of signs and symptoms of 

Table 4. Receiver-Operating Characteristic Curve Analysis 
for the Primary Endpoint

AUC (95% CI) P value

%ΔPV (Strauss) 0.514 (0.463~0.565) 0.6319

ePV at admission (Kaplan) 0.541 (0.490~0.592) 0.1618

ePV at discharge (Kaplan) 0.548 (0.496~0.598) 0.1042

ΔePV (Kaplan) 0.504 (0.453~0.556) 0.8805

%ΔPV (Kaplan) 0.507 (0.456~0.558) 0.8120

ePV at admission (Hakim) 0.543 (0.491~0.593) 0.1508

ePV at discharge (Hakim) 0.532 (0.481~0.583) 0.2838

ΔePV (Hakim) 0.512 (0.460~0.563) 0.6966

%ΔPV (Hakim) 0.513 (0.461~0.564) 0.6677

PVS at admission 0.682 (0.633~0.728) <0.0001　
PVS at discharge 0.656 (0.606~0.704) <0.0001　
ΔPVS 0.518 (0.466~0.569) 0.5518

Values are presented as median (interquartile range) or %. Events 
represent all-cause death and unplanned hospitalization for 
worsening HF. AUC, area under the curve; additional abbreviations 
as in Tables 1–3.

Table 5. Univariate and Multivariate Cox Analysis for Pump Failure Death and Sudden Cardiac Death

Model

Outcome  

Pump failure death Sudden cardiac death  

HR (95% CI) P value HR (95% CI) P value  

PVS at admission  

  Unadjusted 1.0500 (1.0279~1.0726) <0.0001 1.0379 (1.0123~1.0642) 0.0035  

  Model 1 1.0465 (1.0231~1.0705) 　0.0001 1.0407 (1.0144~1.0677) 0.0022  

  Model 2 1.0389 (1.0132~1.0652) 　0.0028 1.0382 (1.0112~1.0660) 0.0053  

  Model 3 1.0428 (1.0191~1.0670) 　0.0003 1.0348 (1.0080~1.0623) 0.0107  

  Model 4 1.0475 (1.0237~1.0718) 　0.0001 1.0402 (1.0133~1.0679) 0.0032  

  Model 5 1.0406 (1.0171~1.0647) 　0.0006 1.0342 (1.0071~1.0619) 0.0131  

  Model 6 1.0463 (1.0224~1.0708) 　0.0001 1.0406 (1.0143~1.0676) 0.0023  

PVS at discharge  

  Unadjusted 1.0569 (1.0364~1.0779) <0.0001 1.0280 (1.0051~1.0514) 0.0164  

  Model 1 1.0546 (1.0333~1.0764) <0.0001 1.0289 (1.0053~1.0530) 0.0163  

  Model 2 1.0527 (1.0292~1.0768) <0.0001 1.0274 (1.0030~1.0524) 0.0274  

  Model 3 1.0510 (1.0296~1.0729) <0.0001 1.0225 (0.9983~1.0472) 0.0683  

  Model 4 1.0550 (1.0334~1.0771) <0.0001 1.0266 (1.0024~1.0515) 0.0312  

  Model 5 1.0549 (1.0325~1.0777) <0.0001 1.0246 (1.0003~1.0496) 0.0474  

  Model 6 1.0526 (1.0313~1.0744) <0.0001 1.0290 (1.0054~1.0532) 0.0158  

ΔPVS  

  Unadjusted 1.0730 (1.0365~1.1108) 　0.0001 0.9858 (0.9302~1.0447) 0.6288  

  Model 1 1.0934 (1.0492~1.1394) <0.0001 0.9839 (0.9281~1.0431) 0.5870  

  Model 2 1.0993 (1.0517~1.1490) <0.0001 0.9848 (0.9287~1.0444) 0.6097  

  Model 3 1.0788 (1.0362~1.1231) 　0.0002 0.9789 (0.9283~1.0323) 0.4313  

  Model 4 1.0919 (1.0463~1.1395) 　0.0001 0.9722 (0.9145~1.0336) 0.3667  

  Model 5 1.0954 (1.0530~1.1394) <0.0001 0.9904 (0.9382~1.0455) 0.7276  

  Model 6 1.0910 (1.0488~1.1349) <0.0001 0.9868 (0.9312~1.0457) 0.6528  

Model 1, adjusted for age and LVEF at admission; model 2, adjusted for age and plasma BNP at discharge; model 3, adjusted for age and 
eGFR at admission; model 4, adjusted for age and sodium at admission; model 5, adjusted for age and BUN at discharge; model 6, adjusted 
for age and NYHA class III/IV at discharge. Abbreviations as in Tables 1–3.
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any endpoint, even in the univariate Cox analysis (data not 
shown). Although a change in BW has been used as a 
surrogate marker of decongestion,31 this might reflect factors 
other than decongestion such as malnutrition and cardiac 
cachexia. Echocardiography can also detect and monitor 
congestion,32 but has several drawbacks, including the 
length of the procedure and the need for an experienced 
cardiologist skilled in echocardiography.

Several studies have evaluated the prognostic value of 
formulas for the estimation of PV and PVS in ADHF 
patients.14–17 Using data from the Eplerenone Post-Acute 
Myocardial Infarction Heart Failure Efficacy and Survival 
Study (EPHESUS), Duarte et al14 examined the prognostic 
value of the PV, as estimated by the Strauss, Kaplan, and 
Hakim formulas. They found that of these 3 formulas, the 
strongest association was found between the estimated PV 
variation calculated by the Strauss formula and poor 
clinical outcome. In addition, Bilchick et al found that the 
estimation of the PV change during admission by the 
Strauss formula was useful for risk stratification of ADHF 
patients in the Evaluation Study of Congestive Heart Failure 
and Pulmonary Artery Catheterization Effectiveness trial 
(ESCAPE).16 However, we could not find any significant 
relationship between the PV change estimated by the Strauss 
formula and worse prognosis, which may been because of 
differences in the patients’ backgrounds. Furthermore, in 
contrast to the study by Duarte et al,14 we did not include 
patients with acute coronary syndrome. Moreover, there 

recommended because of its invasive nature, and repeated 
assessment during admission is difficult.8 Therefore, a non-
invasive tool to assess hemodynamic congestion is needed.

Several formulas for the estimation of PV and PVS have 
been developed using readily available data, and these 
methods can be used easily and repeatedly to assess 
subclinical hemodynamic congestion.9–13 However, little is 
known about the comparative prognostic value of these 
PV indices and their usefulness for the prediction of mode 
of death in patients with ADHF. To the best of our knowl-
edge, this is the first report to demonstrate that the PVS is 
the best predictor of poor clinical outcome among the 
several PV indices. Moreover, the PVS is useful for the 
prediction of the mode of death in ADHF patients.

To date, the natriuretic peptides, such as BNP and 
N-terminal fragment pro-B-type natriuretic peptide,29 Hct,30 
and BW31 have been used as non-invasive surrogate markers 
of congestion in ADHF patients. The natriuretic peptides 
remain the most studied biomarkers reflecting congestion 
in HF; however, their usefulness is limited because their 
production and release can be affected by non-cardiac 
factors such as age, renal function, and physical size.7 In 
addition, the predictive value of the PVS was unaffected by 
BNP in this study. Hct is a biological surrogate of PV, and 
its increase during hospital stay (i.e., hemoconcentration) 
is thought to reflect effective diuresis and sufficient fluid 
removal, leading to a better clinical outcome.6,30 Despite 
this, in the current study, hemoconcentration did not predict 

Figure 2.  Cumulative incidence of pump failure death and sudden cardiac death according to plasma volume status (PVS) at 
admission and discharge and the change in PVS (∆PVS). Kaplan-Meier curves for pump failure death (A–C) and sudden cardiac 
death (D–F) when stratified according to PVS at admission (A,D) and discharge (B,E) and ∆PVS during hospital stay (C,F).
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was associated with worse clinical outcome in patients 
admitted with ADHF, even after adjustment for LVEF 
and BNP.17 In addition to those results, our study demon-
strated that the PVS at discharge also provided prognostic 
value. The fact that only the PVS among the several PV 
indices predicted poor outcome suggests that it is not the 
absolute PV, but rather the deviation from the patient’s 
ideal PV, that is associated with postdischarge prognosis 
of ADHF patients. Although the PV change estimated by 
the Strauss formula relies on the assumption that changes 
in Hct and Hb are solely because of changes in PV, the 
production of red blood cells can be affected by many 
factors, including medications and bone marrow dysfunc-
tion induced by kidney dysfunction, malnutrition, and 
inflammation during admission, which may explain why, 
in our study, the PVS had better prognostic value than the 

was no exclusion criterion for LVEF in our study, whereas 
patients were required to have LVEF ≤40% in EPHESUS 
and LVEF ≤30% in the ESCAPE trial at entry. Considering 
the fact that HF with preserved LVEF accounts for a 
significant proportion of patients hospitalized with 
ADHF,33 it could be considered that our study cohort was 
more reflective of a real-world population. Hudson et al 
also found that the PV change from admission to discharge 
calculated by the Strauss formula was useful for the predic-
tion of prognosis in ADHF patients.15 However, as their 
study did not report the LVEF and BNP, it is unclear 
whether the PV change by the Strauss formula would have 
been significantly associated with poor outcome after 
adjustment for LVEF and BNP.

Our study results are consistent with those of Yoshihisa 
et al, who reported that the calculated PVS at admission 

Figure 3.  Cumulative incidence of cardiac death, non-cardiac death, and unplanned hospitalization for worsening heart failure 
(HF) according to plasma volume status (PVS) at admission and discharge and the change in PVS (∆PVS). Kaplan-Meier curves 
for cardiac death (A–C), non-cardiac death (D–F), and unplanned hospitalization for worsening HF (G–I) when stratified according 
to PVS at admission (A,D,G) and discharge (B,E,H) and ∆PVS during hospital stay (C,F,I).
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overload is the primary cause of congestion in ADHF, 
recent studies have shown that decreased vascular capaci-
tance and intercompartmental fluid shift also play a role in 
the occurrence of congestion.38 Therefore, we should pay 
attention not only to volume overload, but also to volume 
redistribution, when we assess the risk of HF exacerbation.

Conclusions
In this study, the calculated PVS was shown to be the best 
predictor of prognosis among several PV indices. Moreover, 
the calculated PVS was useful for the prediction of the 
mode of death in ADHF patients. The question of whether 
patient management using this index leads to better prog-
nosis in ADHF patients should be addressed in future 
studies.
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