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ABSTRACT
OBJECTIVES This study clariﬁed the characteristics of intrarenal Doppler ultrasonography (IRD) proﬁles and their
prognostic implications in heart failure (HF).
BACKGROUND IRD can assess intrarenal hemodynamics.
METHODS Initially, 224 patients with HF were prospectively enrolled; 151 inpatients were enrolled during hospitalization for HF, and 73 were outpatients in our institution. In IRD proﬁles of interlobar vessels, the arterial resistance index
(RI), venous impedance index (VII), and intrarenal venous ﬂow (IRVF) pattern were assessed. Patients were followed to
evaluate the associations with 1-year prognosis. Primary endpoints included death from cardiovascular disease and
unplanned hospitalization for HF.
RESULTS Finally, 217 patients with adequate IRD images were enrolled. IRD proﬁles were associated with conventional
risk factors for HF. In particular, IRVF was associated with mean right atrial pressure (RAP); 3 IRVF patterns were stratiﬁed
by RAP (in a continuous pattern: 5.4  2.5; in a biphasic pattern: 9.5  3.5; and in a monophasic pattern: 14.9  4.3
mm Hg; p < 0.001). In addition, the monophasic IRVF pattern had a poorer prognosis than the other patterns (log rank
p < 0.001), and prognosis was poorer for the biphasic pattern than for the continuous ﬂow pattern (log rank p ¼ 0.01).
Multivariate Cox proportional hazard model analysis revealed that IRVF patterns were associated with the endpoints,
independent of other HF risk factors.
CONCLUSIONS IRVF patterns, rather than RI, depended on RAP, suggesting a correlation with renal congestion.
In addition, IRVF patterns strongly correlated with clinical outcomes independent of RAP and other risk factors and
might provide additional information to stratify vulnerable HF patients. (J Am Coll Cardiol HF 2016;4:674–82)
© 2016 by the American College of Cardiology Foundation.
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ardiorenal syndrome has been widely recog-

Renal congestion occurs mainly in renal paren-

nized as important in the pathophysiology of

chymal regions, accompanied by increased renal

heart failure (HF). Renal impairment is

interstitial pressure (6). Altered parenchymal condi-

commonly observed and associated with adverse

tions may directly compress vessels in the renal

clinical outcomes in patients with HF (1–3). Renal

parenchymal regions or reduce compliance of vessels,

congestion caused by increased central venous pres-

accompanied by increased CVP as resistances. As a

sure (CVP) has been one of the main pathophysiologic

result, changes in vessel shape and function will

ﬁndings in cardiorenal syndrome (4,5). However, CVP

affect vessel ﬂow. Intrarenal Doppler ultrasonogra-

is a surrogate for renal congestion in HF, and intrare-

phy (IRD) has been used to evaluate intrarenal he-

nal hemodynamics have not been well studied in the

modynamics. The resistance index (RI) of the renal

assessment of renal congestion.

artery is widely used in assessing renal function,
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pathophysiology, and prognosis in both renal and

impedance index (VII) was calculated as the

ABBREVIATIONS

cardiac disease (7–13). In addition, intrarenal venous

peak maximum ﬂow velocity minus maximum

AND ACRONYMS

ﬂow (IRVF) also can be visualized and has been

ﬂow velocity at nadir, divided by peak

studied mainly in assessment of urological diseases

maximum ﬂow velocity (8). In addition,

(14–17). Because IRVF depends on surrounding renal

Doppler waveforms of IRVF were divided into

parenchymal histology as much as on right atrial

3 ﬂow patterns: continuous, biphasic discon-

function, the IRVF proﬁle may be associated with

tinuous,

renal congestion (15,16). To the best of our knowl-

(Figure 1). Discontinuous ﬂow was deﬁned as a

edge, IRD proﬁles have not been well studied in pa-

pattern in which velocity at the nadir was zero.

tients with HF, although cardiorenal interactions

Therefore, VII was calculated as 1.0 in patients

have been the focus of recent research. We therefore

with discontinuous patterns. All measure-

hypothesized that the IRD proﬁle of both intrarenal

ments were averaged over 3 cardiac cycles

arterial and venous ﬂow may be altered by accom-

during sinus rhythm. In patients with atrial

panying changes in parenchymal conditions related

ﬁbrillation, an index beat, which was the beat

to renal congestion in patients with HF. The aims of

following 2 preceding cardiac cycles of equal

this study were to clarify the determinants associated

duration, was used for each measurement.

with IRD proﬁles in HF and to evaluate the prognostic
implications of the IRD proﬁles.

and

monophasic

discontinuous

BNP = brain natriuretic peptide
BUN = blood urea nitrogen
eGFR = estimated glomerular
ﬁltration rate

HF = heart failure
IRD = intrarenal Doppler
ultrasonography

IRVF = intrarenal venous ﬂow
PCWP = pulmonary capillary
wedge pressure

RAP = right atrial pressure
RI = resistance index
VII = venous impedance index

ECHOCARDIOGRAPHY. Comprehensive transthoracic

echocardiography was performed according to published guidelines (18). Right ventricular systolic func-

SEE PAGE 683

tion was assessed by the fractional area change ratio.

METHODS

In patients with tricuspid regurgitation (TR), peak

STUDY DESIGN. Initially, 224 patients with HF were

right atrium were measured. Degree of TR was evalu-

prospectively

ated in a comprehensive manner, using all available

pressure gradients between the right ventricle and
enrolled

from

December

2012

to

November 2014; 151 inpatients were enrolled during

parameters based on published guidelines (19).

hospitalization for HF, and 73 were outpatients in our

The velocity of ﬂow in the hepatic veins was

institution. IRD studies in this cohort were performed

recorded from the subcostal window; and hepatic

when the condition of the patients was stable before

vein systolic (HV-S), HV-diastolic (HV-D) ﬂow veloc-

discharge or in the outpatient clinic.

ities, and the S/D ratio were measured. With the pa-

Among the inpatients, 103 underwent right heart

tient in the supine position, the diameters of the

catheterization for assessment of cardiovascular dis-

inferior vena cava were measured in the subcostal

ease and also underwent IRD studies within 24 h

view at 1.0 to 2.0 cm from the junction with the right

before catheterization. In addition, 38 normal sub-

atrium. The maximum diameter of the inferior vena

jects without cardiovascular disease, hypertension, or

cava and the percentage of decrease in the diameter

diabetes were enrolled to determine the normal IRD

during inspiration were measured. Right atrial pres-

proﬁle. Ethical approval was obtained from the local

sure (RAP), used as a surrogate of CVP, was estimated

institutional review committee, and all patients pro-

using 2 grades consisting of #10 and >10 mm Hg,

vided written informed consent.

although 3 grade classiﬁcations are recommended by

IRD STUDY. IRD studies were followed by compre-

hensive echocardiographic examinations using a Vivid
E9 system (GE Healthcare, Horton, Norway) with a
sector transducer frequency range of 2.5 to 5 MHz. IRD

the guidelines (20). The reliability of our binary
classiﬁcation is summarized in Online Table 1. In the
clinical outcome study, the estimated RAP classiﬁcation was used only as the surrogate for CVP.

was recorded in the right kidney with the patient in the

LABORATORY DATA AND RENAL FUNCTION. Peri-

left lateral decubitus position. The velocity range of

pheral blood samples were taken just before echo-

the color Doppler was set to approximately 16 cm/s.

cardiographic studies. Estimated glomerular ﬁltration

Color Doppler images were used to determine inter-

rate (eGFR) was calculated according to the isotope

lobar vessels, and the sample volume was set based on

dilution mass spectrometry modiﬁcation of diet in

the color Doppler signals derived from interlobar ar-

renal disease equation modiﬁed for the Japanese

teries (Figure 1). Pulsed Doppler waveforms of the

population, that is, eGFR (ml/min/1.73 m 2 ) ¼ 194 

interlobar arteries and veins were recorded simulta-

(serum creatinine)1.094  age0.287 (0.739 if fe-

neously. The RI at a lobar artery was calculated as the

male). Worsening renal function (WRF) was assessed

maximum ﬂow velocity minus diastolic ﬂow velocity,

and deﬁned as an increase in serum creatinine of

divided by maximum ﬂow velocity (7). The venous

0.3 mg/dl from baseline to discharge (1–3). Plasma
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F I G U R E 1 Intrarenal Doppler Ultrasonography

Color Doppler ﬂow images from a right kidney. (A) *Doppler sample volume position in the interlobar vessels. Intrarenal artery ﬂow
(upward Doppler signals) and vein ﬂow (downward Doppler signals) in (B) a continuous venous ﬂow pattern, (C) a biphasic pattern, and (D) a
monophasic pattern.

concentration of brain natriuretic peptide (BNP) was

REPRODUCIBILITY. Two

measured using a chemiluminescent enzyme immu-

assessed RI, VII, and IRVF patterns in 20 patients.

noassay kit (Lumipulse BNP, Fujirebio Inc., Tokyo,

To test intraobserver variability, a single observer

Japan) and an immunoassay system (Lumipulse

analyzed the data twice on occasions separated by a 1-

Presto II; Fujirebio Inc).

month interval. To test interobserver variability, a

CARDIAC CATHETERIZATION. Right heart catheteri-

second observer analyzed data without knowledge of

observers

independently

zation was performed with a 7-F balloon-tipped pul-

the ﬁrst observer’s measurements. Reproducibility

monary

Baxter

was assessed as the mean percentage of error

Healthcare, Irvine, California). All pressure data were

(absolute difference divided by the mean of the 2

measured at end expiration, and reported values

observations).

artery

catheter

(Swan-Ganz,

represent the average of 5 to 10 cardiac cycles. Cardiac

STATISTICAL ANALYSIS. Results are number (%) or

index

thermodilution

mean  SD. Comparisons between 2 groups were

method. If a patient had pulmonary artery hyperten-

performed using the Student t test for continuous

sion, congenital heart disease, or signiﬁcant TR, the

variables and chi-square test for categorical variables.

cardiac index was measured using the Fick method.

One-way analysis of variance (ANOVA) with the

CLINICAL OUTCOME. Clinical outcomes were evalu-

post-hoc Tukey-Kramer test was used to compare

ated for 1 year after discharge or enrollment at our

variables

outpatient clinic. Primary endpoints were deﬁned as

determinants of RI $0.70, biphasic and monophasic

death from cardiovascular disease or unplanned

IRVF patterns, were assessed by multivariate logistic

hospitalization for HF.

regression analyses adjusted for age and sex, using

was

measured

using

the

between

IRVF

patterns.

Independent
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univariate factors with a value of p < 0.05. To avoid

PCWP were selected as the independent deter-

overﬁtting of the multivariate logistic regression

minants. Simple logistic regression analyses are

models, a step-up procedure based on the likelihood

summarized in Online Table 4.

ratio statistic was used, except for the analysis of the

In comparisons of characteristics between IRVF

biphasic ﬂow pattern. Kaplan-Meier analysis was

patterns (Table 1), patients with a monophasic pattern

performed to determine the inﬂuence of IRVF pat-

were older than those with a biphasic pattern. In

terns on the endpoints. The risk of clinical endpoints

patients with a monophasic pattern, BUN, BNP, E/E0 ,

was

hazard

PCWP, and mean RAP levels were signiﬁcantly higher,

models. Univariate factors with a p value of <0.05

determined

with

Cox

proportional

and eGFR, sodium, and HV-S/D levels were signiﬁ-

were entered into the multivariate model to assess

cantly lower than in those with the other 2 patterns.

the effect of the parameters on endpoints. Similarly,

One-half of the patients with a monophasic pattern

a step-up procedure was used in multivariate model

had E/E 0 ratio >15 and moderate or severe TR. Most

analysis. A value of p < 0.05 was considered statis-

patients with a monophasic pattern used loop

tically signiﬁcant. All calculations were performed

diuretics and had an estimated RAP >10 mm Hg.

with SPSS version 22 software (SPSS Inc., Chicago,

Systolic blood pressure and Hb levels were signiﬁ-

Illinois).

cantly lower in patients with the monophasic pattern

RESULTS
CHARACTERISTICS OF THE STUDY PARTICIPANTS.

Of the 224 patients, 7 patients (3.1%) were excluded
because of inadequate IRD images. Finally, 217 patients and 38 normal control subjects were studied
(Online Tables 2 and 3). In the control subjects, the
99% conﬁdence interval (CI) of RI ranged from 0.48 to
0.68. Only the continuous IRVF pattern was observed
in these subjects, and the 99% CI of VII ranged from
0.14 to 0.52. Thus, RI $0.70 and VII $0.53 were each
considered to indicate abnormal values of RI and VII,
and biphasic and monophasic discontinuous ﬂow
patterns were considered abnormal IRVF patterns.
However, in 105 patients with VII $0.53, 101 patients
(96.1%) showed VII of 1.0, indicating a discontinuous
IRVF pattern. Patients were then classiﬁed based on
IRVF pattern but not by VII.
DETERMINANTS OF THE IRD PROFILE. Comparisons

between characteristics of patients with RI $0.70
and those with <0.70 are summarized in Table 1. In

than in those with the continuous pattern. In a comparison between continuous and biphasic patterns,
mean RAP was signiﬁcantly higher in the biphasic
pattern. Along with RI, the cardiac index did not
differ between the 3 IRVF patterns. Multivariate
logistic regression model 1 revealed that estimated
RAP >10 mm Hg was signiﬁcantly associated with the
biphasic pattern (Table 2). In a subanalysis of patients
who had undergone catheterization, mean RAP only
showed a signiﬁcant but modest association with the
biphasic pattern. In contrast, multivariate factors
were associated with the monophasic pattern (Online
Table 4). In multivariate logistic regression analysis
model 1, estimated RAP >10 mm Hg, HV-S/D <0.55,
right ventricular fractional area change, and moderate or severe TR were associated with the monophasic
pattern. In model 2, mean RAP was selected as an
independent determinant along with HV-S/D <0.55
and sodium level. The prevalence of WRF did
not differ between RI classiﬁcations or among IRVF
patterns.

the RI $0.70 group, patients were older; their he-

CLINICAL OUTCOME. During the observation pe-

moglobin (Hb) and eGFR concentrations were signif-

riods (mean: 304  114 days; range: 7 to 365 days), 59

icantly lower; their blood urea nitrogen (BUN), BNP,

patients (27.1%) met the endpoints, including 14

and E/E 0 (mitral peak velocity of early ﬁlling [E]-to-

deaths from cardiovascular disease and 45 un-

early diastolic mitral annular velocity [E 0 ] ratio)

planned hospitalizations for HF. Comparisons be-

levels were signiﬁcantly higher; TR was signiﬁcantly

tween clinical data of patients with events and those

prevalent; and their estimated RAP >10 mm Hg,

without events are summarized in Online Table 1.

pulmonary capillary wedge pressure (PCWP), and

Kaplan-Meier estimates of the time to endpoint be-

mean RAP were signiﬁcantly higher than those in

tween IRVF patterns are shown in Figure 2. There

patients with RI <0.70. However, the cardiac indexes

were signiﬁcant differences between IRVF patterns.

did not differ between groups. In a multivariate lo-

In

gistic regression model without catheterization data

continuous and discontinuous IVRF patterns based

(model 1), age, Hb, and estimated RAP >10 mm Hg

on the strata of RAP and HV-S/D criteria each are

were identiﬁed as independent determinants of

shown in Figure 3. In each stratum, patients with a

RI $0.70 (Table 2). In a subanalysis model with

discontinuous IVRF pattern had poorer prognosis

catheterization data (model 2; n ¼ 103), age and

than

addition,

those

Kaplan-Meier

with

a

estimates

continuous

IRVF

between

pattern.
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T A B L E 1 Clinical Characteristics and Echocardiographic and Intrarenal Doppler Ultrasound Data

Total
(N ¼ 217)

RI <0.70
(n ¼ 113)

RI $0.70
(n ¼ 104)

p Value

Age, yrs

60  16

56 ± 16

64 ± 15

Male

126 (58)

69 (61)

57 (55)

Body mass index, kg/m2

23  4.7

23  4.1

SBP, mm Hg

113  21

120  19

Heart rate, beats/min

74  15

74  12

74  13

Hypertension

93 (43)

43 (38)

Diabetes

63 (29)

30 (27)

NYHA functional class III or IV

94 (43)

45 (40)

IRVF Continuous
(n ¼ 117)

Biphasic
(n ¼ 51)

Monophasic
(n ¼ 49)

p Value
ANOVA

<0.001

59 ± 15

56 ± 16

64 ± 16‡

0.04

0.41

70 (60)

32 (63)

24 (49)

0.32

22  4.1

0.34

24  4.7

22  2.8

22  3.6

0.27

115  20

0.32

116 ± 21

112 ± 20

106 ± 21†

0.01

0.79

73  12

74  12

74  12

0.73

50 (48)

0.17

50 (43)

20 (39)

23 (47)

0.56

33 (32)

0.46

35 (30)

19 (37)

19 (18)

0.11

49 (47)

0.33

38 (33)

23 (45)

33 (67)

<0.001
0.81

Cardiac diseases
CAD

22 (15)

10 (9)

12 (12)

0.51

13 (11)

4 (8)

5 (10)

NICM

91 (42)

50 (44)

41 (39)

0.49

48 (41)

22 (43)

21 (43)

0.96

Valvular disease

36 (17)

11 (10)

25 (24)

0.006

19 (16)

10 (20)

7 (14)

0.77

VSD/ASD

9 (4)

5 (4)

4 (4)

0.83

5 (4)

4 (8)

0

0.14

20 (9)

15 (13)

5 (5)

0.04

11 (9)

7 (14)

2 (4)

0.25

64 (30)

33 (29)

31 (30)

0.92

38 (33)

8 (16)

18 (37)

0.04

Hemoglobin, g/dl

13  2.3

13 ± 2.3

12 ± 2.2

0.001

13 ± 2.1

13 ± 2.3

12 ± 2.4†

0.001

BUN, mg/dl

22  14

20 ± 12

25 ± 14

0.01

19 ± 9.6

22 ± 17

29 ± 17*

<0.001

PAH
HFpEF
Laboratory data

eGFR, ml/min/1.73 m2
Sodium, mEq/l
BNP, pg/ml
WRF, n (available case, %)

64  26

69 ± 25

59 ± 26

140  3.4

140  3.1

139  3.8

481  753

353 ± 551

620 ± 905

0.009

283 ± 531*

39 (151, 26)

18 (76, 24)

21 (75, 28)

0.55

19 (88, 22)

0.002
0.14

67 ± 22

67 ± 24

55 ± 22*

141 ± 2.9

140 ± 3.4

138 ± 4.0*

<0.001

0.005

707 ± 646

717 ± 992

<0.001

10 (34, 29)

10 (29, 34)

0.35

Medications
ACE-I/ARB

158 (73)

71 (72)

77 (74)

0.70

86 (74)

35 (69)

37 (76)

0.72

Beta-blocker

150 (69)

62 (55)

59 (57)

0.78

67 (57)

30 (59)

24 (49)

0.55

Loop diuretics

136 (63)

54 (48)

57 (55)

0.30

47 (40)

28 (55)

36 (74)

<0.001

Spironolactone

110 (51)

55 (49)

55 (53)

0.38

49 (42)

30 (59)

31 (63)

0.02

LVEF, %

49  19

49  18

48  19

0.72

51  17

46  21

44  20

0.07

E/E0 >15

77 (36)

32 (22)

45 (43)

<0.001

29 (25)

22 (43)

26 (53)

0.001

RV-FAC, %

42 (19)

36  13

37  14

0.52

40 ± 13*

34 ± 12

29 ± 12

<0.001

Moderate or severe TR

42 (19)

18 (12)

24 (23)

0.03

5 (4)

12 (24)

25 (51)

<0.001

RAP >10 mm Hg

61 (28)

19 (13)

42 (40)

<0.001

4 (3)

18 (35)

39 (80)

<0.001

1.1  0.8

1.3 ± 0.8

0.9 ± 0.9*

<0.001

1.3  0.6

1.2  1.1

0.3  0.6*

<0.001

Echocardiography

HV-S/D
Catheterization data

n ¼ 103

n ¼ 57

n ¼ 46

PCWP, mm Hg

13  7.4

11 ± 6.6

16 ± 7.6

0.003

n ¼ 65

n ¼ 21

n ¼ 17

11 ± 6.4

13 ± 6.7

19 ± 6.4*

Mean PAP, mm Hg

26  13

25  13

26  13

0.65

23 ± 9.3*

32 ± 14

31 ± 7.8

Mean RAP, mm Hg

7.5  4.7

6.6 ± 3.9

0.03

8.7 ± 5.3

0.02

5.4 ± 2.5

9.5 ± 3.5†

15 ± 4.3*

<0.001

Cardiac index, l/min/m2

2.8  0.8

2.8  0.8

2.7  0.7

0.38

2.8  0.8

2.9  0.8

2.7  0.8

0.72

<0.001

Values are mean  SD, n (%), or median (interquartile range). Bold indicate the characteristics with signiﬁcant difference between groups. *p < 0.05 vs. others. †p < 0.05 vs.
continuous pattern. ‡p < 0.05 vs. biphasic pattern.
ACE-I ¼ angiotensin-converting enzyme inhibitors; ARB ¼ angiotensin II receptor blocker; BNP ¼ brain natriuretic peptide; BUN ¼ blood urea nitrogen; CAD ¼ coronary
artery diseases; eGFR ¼ estimated glomerular ﬁltration rate; E/E0 ¼ ratio of early diastolic peak velocity of Doppler transmitral ﬂow to early diastolic mitral annular
velocity; HFpEF ¼ heart failure with preserved ejection fraction; HV-S/D ¼ ratio of hepatic vein systolic to diastolic ﬂow velocities; IRVF ¼ intrarenal venous ﬂow; LVEF ¼
left ventricular ejection fraction; NICM ¼ nonischemic cardiomyopathy; NYHA ¼ New York Heart Association; PAH ¼ pulmonary arterial hypertension; PAP ¼ pulmonary
artery pressure; PCWP ¼ pulmonary capillary wedge pressure; RAP ¼ right atrial pressure; RI ¼ resistance index; RV-FAC ¼ right ventricular fractional area change ratio;
SBP ¼ systolic blood pressure; TR ¼ tricuspid regurgitation; VSD/ASD ¼ ventricular septal defect/atrial septal defect; WRF ¼ worsening renal function.

Univariate and multivariate Cox proportional hazard

REPRODUCIBILITY. Intra-

model analyses are summarized in Table 3. As shown

ability of RI and VII measurements were as follows:

and interobserver vari-

in the multivariate Cox proportional hazard model,

RI: 3.8  3.4 and 6.5  4.3%, respectively; and VII:

biphasic and monophasic ﬂow patterns were associ-

5.6  3.6 and 7.2  4.4%, respectively. Classiﬁcations

ated with the endpoints independently of sodium

of IRVF patterns were completely consistent between

and BNP levels.

intraobserver and interobserver assessments.
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DISCUSSION
The 3 major ﬁndings of the present study are as follows. First, the common signiﬁcant determinant of

T A B L E 2 Multivariate Logistic Regression Analyses for Predictors of IRD Proﬁles

RI $0.70

Model 1

Second, compared to the biphasic IRVF pattern, the

OR (95% CI)

0.01

Hemoglobin (per 1-g/dl increase)

0.87 (0.76–0.99)

0.04

Estimated RAP >10 mm Hg

2.88 (1.50–5.55)

0.002

Age (per 1-yr increase)

1.04 (1.01–1.07)

0.003

PCWP (per 1-mm Hg increase)

1.10 (1.03–0.08)

0.005

BNP (per 100-pg/ml increase)

1.04 (0.96–1.08)

0.08

Estimated RAP >10 mm Hg

2.23 (1.19–4.52)

0.02

Model 2

Mean RAP (per 1-mm Hg increase)

1.12 (1.01–1.25)

0.03

Model 1

RV-FAC (per 10% increase)

0.66 (0.45–0.97)

0.03

Moderate or severe TR

3.09 (1.04–9.19)

0.04

Model 2

Age (per 1-yr increase)

p Value

1.03 (1.01–1.05)

RI $0.70 and the discontinuous IRVF pattern was
increased RAP level >10 mm Hg but not cardiac index.
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monophasic IRVF pattern was associated with multiBiphasic Pattern

variate hemodynamic factors, including signiﬁcant
TR and HV ﬂow and more strongly depended on
increased RAP. Third, discontinuous IRVF patterns
correlated strongly with clinical outcomes indepen-

Model 1

Monophasic Pattern

dent of RAP and HV-S/D levels.

IRVF
Unlike the IRD proﬁle on the arterial side, the IRD
proﬁle on the venous side has not been the focus in
cardiac disease. This study showed that IRVF could be

Model 2

Estimated RAP >10 mm Hg

25.8 (8.48–78.5)

<0.001

HV-S/D <0.55 (lower quartile)

7.93 (2.9–21.4)

<0.001

Sodium (per 1-mEq/l increase)

3.43 (1.70–6.94)

HV-S/D <0.55 (lower quartile)

12.6 (2.52–63.2)

Mean RAP (per 1-mm Hg increase)

1.33 (1.11–1.61)

noninvasively assessed with high clinical feasibility
and acceptable reproducibility by a conventional
echocardiographic system. A few studies have re-

0.001
0.0002
<0.001

Model 1 ¼ multivariate model without catheterization data in entire cohort. Model 2 ¼ subanalysis model
combined with catheterization data in 103 patients.
IRD ¼ intrarenal Doppler ultrasound; other abbreviations as in Table 1.

ported changes in IRVF in obstructive uropathy and
renal diseases, preeclampsia, and diabetic nephropathy, but CVP and TR were never considered determinants of IRVF (14–17). IRVF proﬁle was altered
by increases in RAP, whereas cardiac index was not
associated with the IRVF proﬁle. A low-output condition affects intrarenal circulation, but in the present
study, the association of cardiac index was not sig-

F I G U R E 2 Kaplan-Meier Estimate Curves According to IRVF

niﬁcant, even with RI. Insigniﬁcant interaction with
inﬂow suggests 2 possible mechanisms that can alter
IRVF patterns: increased CVP as the resistance of
IRVF and renal parenchymal congestion accompanied
by increased renal interstitial pressure, which reduces intrarenal parenchymal compliance around the
intrarenal vessels (6). In addition, signiﬁcant TR was
associated with the monophasic pattern. This ﬁnding
suggests that increased resistance from signiﬁcant TR
impedes IRVF during systole because ﬂow was usually observed during diastole in the monophasic
pattern. Maeder et al. (21) reported the signiﬁcant
contribution of TR to renal dysfunction, probably by
elevation of the CVP and renal venous pressure. It is
highly likely that renal congestion further emphasized by signiﬁcant TR contributes to the exacerbation of renal dysfunction. Thus, IRVF in patients with
HF would be affected by both central venous hemodynamics and reduced renal parenchymal compliance
related to renal congestion.
RI IN HF. The role of RI in HF has not been well

Kaplan-Meier curves at 1-year follow-up for the probability of freedom from death from

studied. To our knowledge, only 2 studies reported RI

cardiac causes and unplanned hospitalizations for heart failure of 3 classiﬁcations of

in HF. Ennezat et al. (11) reported that RI was greater

intrarenal venous ﬂow. IRVF ¼ intrarenal venous ﬂow.

in patients with HF and preserved ejection fraction
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F I G U R E 3 Kaplan-Meier Estimate Curves of Four Groups According to IRVF and Parameters of CVP

Kaplan-Meier curves of four classiﬁcations based on the IRVF continuous and discontinuous patterns and parameters of CVP: RAP (A) and the Q of S/D ratio (B).
CVP ¼ central venous pressure; Q ¼ quartile; RAP ¼ right atrial pressure; S/D ¼ systolic and diastolic hepatic vein ﬂow velocities ratio.

than in patients with hypertension, and increased RI

study is the ﬁrst to focus on RI in various types of HF.

was independently associated with poor prognosis.

Along with IRVF, estimated RAP was also related to

Ohuchi et al. (13) focused on RI in hospitalized pa-

increased RI. Ohuchi et al. (13) also reported that CVP

tients with adult congenital heart disease and a his-

correlated with RI in addition to mean blood pressure

tory of biventricular repair. Therefore, the present

and cardiac index. However, unlike IRVF, RI was not
independently associated with clinical outcome. The
insigniﬁcance association might be related to the

T A B L E 3 Predictors of Death From Cardiac Causes or Unplanned Hospitalization for

indication that primary extrarenal conditions associ-

Heart Failure by the Cox Proportional Hazard Model

ated with cardiovascular disease may not make RI a

Univariate
Predictor

speciﬁc test of renal disease (22,23). Atherosclerosis

Multivariate
p Value

NYHA functional class III or IV

4.13 (2.34–7.26)

<0.001

and diabetes primarily increase intrarenal arterial

Hemoglobin (per 1 g/dl increase)

0.79 (0.70–0.88)

<0.001

resistance and reduce compliance. Therefore, the

BUN (per 10 mg/dl increase)

1.31 (1.14–1.50)

<0.001

various factors associated with cardiovascular disease

eGFR (per 10 ml/min/1.73 m2
increase)

0.98 (0.97–0.95)

0.006

Sodium (per 1 mEq/l increase)

0.84 (0.74–0.91)

<0.001

0.93 (0.86–0.99)

0.02

BNP (per 100 pg/ml increase)

1.06 (1.04–1.08)

<0.001

1.05 (1.02–1. 07)

<0.001

Use of loop diuretics

2.39 (1.38–4.16)

0.002

pattern was strongly associated with clinical outcome

LVEF (per 10% increase)

0.85 (0.76–0.94)

0.002

E/E0 >15

2.77 (1.66–4.64)

<0.001

in patients with HF. This ﬁnding may be supported by

LAVI (per 10-ml increase)

1.19 (1.09–1.30)

<0.001

0.67 (0.55–0.79)

<0.001

RV-FAC (per 10% increase)

HR (95% CI)

p Value

and nephropathy caused by coexistent hypertension

HR (95% CI)

may make RI less speciﬁc in assessing renal congestion in HF compared to the IRVF proﬁle.
IRVF AND PROGNOSIS. We showed that the IRVF

the effect of renal congestion on prognosis of HF
(4,5). Echocardiographic measurements of inferior

Moderate or severe TR

2.81 (1.60–4.93)

<0.001

vena cava and HV ﬂow have been used to estimate

RAP >10 mm Hg

5.26 (2.93–9.43)

<0.001

RAP in the clinical setting (20). However, compared to

RI $0.70

1.78 (1.06–3.00)

0.03

the RAP grades, IRVF patterns could distinguish the

HV-S/D <0.55 (lower quartile)

3.99 (2.38–6.69)

<0.001

IRVF biphasic pattern

8.23 (3.45–19.7)

<0.001

6.85 (2.82–16.6)

<0.001

IRVF monophasic pattern

23.1 (10.0–53.5)

<0.001

17.8 (7.62–41.9)

<0.001

Abbreviations as in Tables 1 and 2.

clinical outcomes. In addition, IRVF was signiﬁcantly
better at predicting clinical outcomes than HV-S/D
classiﬁcations, although the HV ﬂow pattern might
have similar determinants including CVP and TR. The
superiority of IRVF may be related to the following
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ﬁndings: the biphasic pattern showed a poorer prog-

because catheterization studies were not performed

nosis than the continuous pattern, despite the

in all subjects. The RAP was common as the deter-

modest relation between the biphasic pattern and

minant of IRVF, but some variables were different

CVP. In addition, as shown in Figure 3, discontinuous

between the models. Therefore, this study might

IRVF showed a poorer prognosis than that in the

not conclude the determinants of IRD proﬁles other

continuous pattern, even in the lower CVP stratum. It

than RAP. In future, large-scale comprehensive clin-

is important, of course, that increased CVP relates to

ical studies and basic experimental validation studies

discontinuous IRVF as mentioned above, but this

are needed to identify the determinants of IRD

most certainly is not the only problem, and it suggests

proﬁles.

that other factors related to the exacerbation of HF

In addition, as shown in Table 3, the 95% CI of the

also affect IRVF (23–27). There is longstanding evi-

hazard ratio for the IRVF in the multivariate Cox

dence that renal venous congestion inﬂuences the

proportional hazard model was wide, which meant a

sympathetic nervous system and renin-angiotensin-

low event rate in our study. Therefore, the ability of

aldosterone systems (28). Effective circulatory vol-

IRD to predict clinical outcomes in HF must be

ume is determined not only by the volume but also by

assessed in a large-scale, multicenter study. In addi-

venous tone controlled by the sympathetic nervous

tion, the present study could not determine how

system (25). In particular, splanchnic veins are more

concomitant factors including diabetes, hyperten-

sensitive to stimulation by the sympathetic nervous

sion, nephropathy, neurohormonal factors, endothe-

system than are non-splanchnic venous vessels. In

lial function, and inﬂammation contribute to IRD

the kidney, activation of the sympathetic nervous

proﬁles through the changes of intrarenal vessel

system causes renal vasoconstriction and worsening

function and parenchymal conditions. Therefore,

of the GFR (26,27). In addition to the traditional ef-

future studies are needed to clarify the related

fects of renal venous hypertension on intra- and

pathophysiology.

extrarenal hemodynamics and neurohormonal pathways, there has been growing interest in inﬂamma-

CONCLUSIONS

tory and endothelial cell activation (29). The diverse
mechanisms lead to a reduction in intrarenal venous

IRVF patterns, rather than arterial RI, were associated

compliance, which may be visualized as the discon-

with RAP levels. More importantly, the IRVF pattern

tinuous IRVF pattern, even in patients with normal or

correlated strongly with clinical outcomes indepen-

mildly elevated CVP. Thus, based on the strong rela-

dent of conventional prognostic factors of HF

tionship between IRVF and clinical outcomes and on

including RAP levels. Therefore, the IRVF pattern

the possibility of multilateral relationships with the

may be a useful visual biomarker of renal congestion,

exacerbating factor of HF, IRVF may be a useful visual

providing additional information to stratify vulner-

biomarker to stratify vulnerable HF patients.

able HF patients.

IRD AND WRF. Worsening renal function was not a
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between the IRVF patterns. In particular, WRF

Tsukuba

occurred even in 18 patients with continuous ﬂow
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and without events, which may mean that aggressive
decongestion was associated with improved clinical
outcomes despite WRF during therapy for acute HF

PERSPECTIVES

(30–32). In contrast, the prevalence of WRF in the
monophasic pattern was increased, but not signiﬁ-

COMPETENCY IN MEDICAL KNOWLEDGE: Intrarenal

cantly so, compared to the continuous and biphasic

Doppler ultrasonography is a useful method for assessing intra-

patterns. With decreased eGFR level under stable

renal hemodynamics in patients with heart failure. In particular,

conditions

intrarenal venous ﬂow may be associated with exacerbating

in

the

monophasic

pattern,

renal

dysfunction is an important pathophysiologic corre-

factors of HF including renal congestion.

late of poor prognosis in HF; however, Worsening
renal function would be associated with intrinsic

TRANSLATIONAL OUTLOOK: The pathophysiological deter-

renal function in addition to decongestion.

minants of IRD proﬁles should be investigated through clinical

STUDY LIMITATIONS. As shown in Table 2, the de-

terminants of IRD proﬁles were assessed in 2 models

and basic research to make IRD a guide for HF therapy.
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