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ABSTRACT

Background: Congestion is central to the pathophysiology of heart failure (HF); thus, tracking
congestion is crucial for the management of patients with HF. In this study we aimed to com-
pare changes in inferior vena cava diameter (IVCD) with venous pressure following manipula-
tion of volume status during ultrafiltration in patients with cardiac dysfunction.
Methods and Results: Patients with stable hemodialysis and with systolic or diastolic dysfunc-
tion were studied. Central venous pressure (CVP) and peripheral venous pressure (PVP) were
measured before and after hemodialysis. IVCD and PVP were measured simultaneously just
before dialysis, 3 times during dialysis and immediately after dialysis. Changes in IVCD and
PVP were compared at each timepoint with ultrafiltration volumes. We analyzed 30 hemodi-
alysis sessions from 20 patients. PVP was validated as a surrogate for CVP. Mean ultrafiltration
volume was 2102 § 667 mL. IVCD discriminated better ultrafiltration volumes � 500 mL or
� 750 mL than PVP (AUC 0.80 vs 0.62, and 0.80 vs 0.56, respectively; both P< 0.01). IVCD
appeared to track better ultrafiltration volume (P< 0.01) and hemoconcentration (P< 0.05)
than PVP. Changes in IVCD were of greater magnitude than those of PVP (average change
from predialysis: -58 § 30% vs -28 § 21%; P< 0.001).
Conclusions: In patients undergoing ultrafiltration, changes in IVCD tracked changes in
volume status better than venous pressure. (J Cardiac Fail 2022;00:1�10)
Key Words: Heart failure, congestion, inferior vena cava, venous pressure.
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Congestion is central to the pathophysiology and
symptoms of heart failure (HF),1�3 and acute decom-
pensated HF (ADHF) is primarily a disease of conges-
tion rather than low cardiac output.4�7 ADHF
accounts for more than half of all HF related expen-
ditures, and HF represents 1 of the most common
causes of death and hospitalizations in the United
States.8�10 As such, tracking congestion is crucial for
the management of patients with HF.
Most congestion-monitoring systems measure ele-

vations in pulmonary and systemic venous pressure
as indicators of congestion.11�13 The remarkable
compliance of the venous system may provide a
superior readout of volume status because large
changes in venous volume occur with minimal
changes in pressure, at least in the linear-compliant
range of the venous pressure/volume
relationship.14�16 Theoretically, measurements of
venous distension in the inferior vena cava (IVC)
could be a noninvasive, earlier and more sensitive
indicator of congestion before venous and intracar-
diac pressures rise.17,18

To investigate this hypothesis, we previously
tested a novel sensor that measures IVC cross-sec-
tional area in proof-of-concept experiments in an
animal model.19 In these experiments, IVC changes
were significantly more sensitive than cardiac filling
pressures following manipulation of intravascular
volume, vascular tone and cardiac dysfunction in
sheep.19 Here we evaluate the potential for IVC
diameter (IVCD) to track volume status, comparing
it with directly measured venous pressure during
fluid removal with hemodialysis in humans with car-
diac dysfunction.
Methods

Patient Population

Patients in the hemodialysis program at our insti-
tution were enrolled into a prospective cohort
study. Inclusion criteria included (1) chronic hemodi-
alysis (patients with hemodialysis vintage > 3
months); (2) functional central venous dialysis cathe-
ter; (3) average weight gain � 3% of their dry
weight between hemodialysis sessions; (4) the pres-
ence of systolic and/or diastolic ventricular dysfunc-
tion. Systolic dysfunction was defined as a left
ventricular ejection fraction below 50%. Diastolic
dysfunction was diagnosed based on the functional,
morphological and biomarker criteria of the consen-
sus recommendation of the Heart Failure Associa-
tion of the European Society of Cardiology.20

Patients with nonoptimal acoustic windows for
viewing the inferior vena cava that prevented cap-
turing images of acceptable quality were excluded.
This study was approved by the research committee
of our institution, and all patients provided written
informed consent.
Hemodialysis Sessions

Patients in the hemodialysis program receive post-
dilution hemodiafiltration therapy 3 times per
week. On the day of the study, patients arrived at
the hemodialysis unit at 7 AM and were asked to eat
their breakfast before they were weighed. Patients
were not allowed to eat or drink after they were
weighed. Patients were weighed just before the
beginning of the hemodialysis session and were
included in the study only if they had gained � 3%
of their dry body weight since the previous hemodi-
alysis session. After patients were weighed, they
were placed in a hemodialysis chair, and the head
elevation was set to approximately 30 degrees. The
position in the hemodialysis chair and the head ele-
vation were maintained during the entire study and
across all the study participants such that all meas-
urements were standardized and not affected by
changes in body position. Details of IVCD measure-
ments are described below. After that, an experi-
enced nurse placed a peripheral IV catheter in the
upper extremity and took baseline blood samples.
The IV catheter was heparinized, and the peripheral
venous pressure (PVP) was measured as described
below. Finally, the central venous dialysis catheter
was opened, and the central venous pressure (CVP)
was measured just before the patients were con-
nected to the hemodialysis machine. The treating
nephrologist set the ultrafiltration volume based on
the weight gain plus 400 mL, which is the volume of
crystalloid that patients receive based on the circuit
volume.

Five timepoints were established for measure-
ment of the parameters of interest: predialysis,
intradialysis 1, intradialysis 2, intradialysis 3, and
postdialysis (Fig. 1). For the 3 intradialysis time-
points, the length of the dialysis session was divided
by 3 to create equal time periods. During each of
these 5 timepoints, we measured the IVCD and the
PVP and recorded the ultrafiltration volume and
hemoglobin measured by the hemodialysis machine.
At the end of hemodialysis, the total ultrafiltration
volume was recorded, and the patients were
weighed. Changes in IVCD and PVP were compared
with ultrafiltration from predialysis to intradialysis
1, intradialysis 1 to intradialysis 2, intradialysis 2 to
intradialysis 3, and intradialysis 3 to postdialysis. In a
sensitivity analysis, only changes in IVCD and PVP
from predialysis to intradialysis 1 were examined
because during this time patients experienced the
greatest changes in their fluid status; approximately
400 mL of blood left the intravascular space to fill



Fig. 1. Study flow diagram. Five timepoints were established to measure IVCD (red boxes) and PVP (purple boxes): predialy-
sis, intradialysis 1, intradialysis 2, intradialysis 3, and postdialysis. Changes in IVCD and PVP were compared with ultrafiltra-
tion volume from predialysis to intradialysis 1, intradialysis 1 to intradialysis 2, intradialysis 2 to intradialysis 3, and
intradialysis 3 to postdialysis. PVP was measured at the same time as CVP (gray boxes) at predialysis and postdialysis. CVP,
central venous pressure; HD, hemodialysis; IVCD, inferior vena cava diameter; PVP, peripheral venous pressures; UFV, ultra-
filtration volume.
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the hemodialysis circuit, and they were also exposed
to ultrafiltration.
Measurements of the IVC

Several measurements of the IVCD were per-
formed at 5 points, as described above. Patients
were placed in the hemodialysis chair, as described
above, and stayed in the same position across all
timepoints. The IVCD was measured in a subcostal or
lateral view (5th intercostal space crossing the ante-
rior axillary line), depending on image quality. All
measurements were made with the IVC displayed in
the longitudinal view. The following measurements
of the IVCD were taken in each timepoint: maximum
diameter and minimum diameter during normal res-
piration; maximum diameter during a breath hold
after a normal inspiration; and the minimum diame-
ter during a sniff. All measurements were done in
triplicate, and average values were used for the final
analysis. A total of 60 measurements were taken per
patient (12 measurements [3 for each of the 4
dimensions described above] at each of the 5 time-
points), representing 1800 measurements during
the study. All measurements were done by the same
operator, a cardiologist with level III training in
echocardiography. Intraobserver variability for max-
imum and minimum IVCD was obtained by analysis
of 10 randomly selected cases by the same observer
2 months apart, and the intraclass correlation coeffi-
cient was 0.95 and 0.96 for maximum and minimum
IVCD, respectively. The mean difference between
measurements was 0.5 § 0.9 mm and 0.3 § 0.5 mm,
respectively.
Central and Peripheral Venous Pressures

CVP and PVP were taken with the patient in the
same position as for the IVCD measurements so as
to establish comparable conditions. PVP and CVP
measurements were taken sequentially by the same
transducer. For the PVP measurement, the periph-
eral venous catheter was placed in the antecubital
vein (18�22 gauge) and connected directly to the
pressure line of the transducer. Measurements were
taken at end-expiration using standard transducers
after being zeroed at the phlebostatic axis. The
patient’s arm was placed such that the position of
the peripheral catheter was at the level of the right
atrium. Continuity of the peripheral intravenous
line with the central venous system was assessed by
demonstrating augmentation of the venous pres-
sure after manual circumferential occlusion of the
extremity proximal to the catheter, as described pre-
viously.21 To obtain the CVP measurement, the
hemodialysis' central venous catheter was attached
via an extension set to a standard transducer posi-
tioned at the phlebostatic axis with the same proce-
dure as described for the PVP. The transducer was
connected to a monitor, where the CVP was read,
and the mean CVP was recorded.

PVP was measured at each of the 5 timepoints
described previously (predialysis, intradialysis 1,
intradialysis 2, intradialysis 3, and postdialysis).
Because the central venous catheter was used for
dialysis, CVP was measured only at predialysis and
postdialysis.
Hemoconcentration

The hemodialysis machine measures hemoglobin
levels during the hemodialysis session. We recorded
hemoglobin values at each timepoint. Changes in
hemoglobin were analyzed from intradialysis1 to
intradialysis 2, and from intradialysis 2 to intradialy-
sis 3. Change in hemoglobin from predialysis to
intradialysis1 was not included because using hemo-
concentration as a surrogate for change in intravas-
cular volume requires a stable red cell mass, which
was not met because blood was leaving the
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intravascular space to fill the »400 cc circuit. Like-
wise, changes in hemoglobin from the intradialysis 3
to the postdialysis were also not included because
approximately 400 mL of priming solution mixed
with blood were returned to the patient at the end
of the dialysis. Hemoconcentration was analyzed as
the difference between 2 consecutive timepoints.
Table 1. Baseline Patients Characteristics

Variable n = 20

Age (years) 37 (30�46)
Female 13 (65%)
Weight (kg) 56.4§12.0
Body mass index (kg/m2) 21.7 (20.3�23.4)
Functional class (NYHA)
I 14 (70%)
II 5 (25%)
III 1 (5%)

Time in hemodialysis therapy (years) 3 (2�5)
Etiology of CKD
Idiopathic 7 (35%)
Systemic lupus erythematosus 5 (25%)
Pre-eclampsia 2 (10%)
Other 6 (30%)

Comorbidities and baseline laboratory levels
Diabetes 1 (5%)
Hypertension 11 (55%)
Smoker 6 (30%)
Hemoglobin (g/dL) 9.3§2.35
Hematocrit (%) 28.7§7.29
Proteins (g/dL) 6.7§0.58
Albumin g/dL) 3.9§0.32
NT-proBNP (pg/mL) 3541 (1811�6377)
Echocardiographic parameters
End diastolic volume (mL/m2) 62.1§18.1
Left ventricular ejection fraction (%) 49§8
Patients with LVEF <50% 11 (55%)

Left ventricular geometry
Normal 4 (20%)
Concentric remodeling 6 (30%)
Concentric hypertrophy 8 (40%)
Eccentric hypertrophy 2 (10%)

Diastolic dysfunction
Grade I 15 (75%)
Grade II 4 (20%)
Grade III 1 (5%)

Left atrium volume (mL/m2) 36 § 11

Data are presented as median (quartile 1�3), mean § SD, or n
(%).

CKD, chronic kidney disease; LVEF, left ventricular ejection frac-
tion; NT-proBNP, N terminal pro natriuretic peptide; NYHA, New
York Heart Association.
Statistical Analysis

Data that were approximately normally distrib-
uted are presented as mean § standard deviation,
and data with skewed distribution are shown as
median with interquartile ranges (IQRs). Categorical
values are presented as frequencies and percen-
tages. IVCD and PVP were compared in 3 different
ways: (1) The diagnostic utility of PVP vs IVCD meas-
urements to determine changes in the ultrafiltration
volume was evaluated by comparing the area under
the curve from receiver-operating characteristic
analyses by using the DeLong method; (2) IVCD and
PVP (both in percent changes from baseline, given
that they are in different units [mm vs mmHg]) were
compared with ultrafiltration volume. Linear mixed
models were used to account for the absence of
independence of observations. The dependent vari-
able was the percent change; fixed effects were
ultrafiltration volume (continuous variable), a binary
variable that was coded as 1 for IVCD and 2 for PVP,
and their interaction term. Mixed models were a 3-
level model with random intercepts by: (1) a variable
identifying each patient and (2) a variable identify-
ing each hemodialysis session, with the variable
identifying each patient nested within the variable
identifying each hemodialysis session. To capture
the nonlinear association between ultrafiltration
volume and IVCD or PVP, variables were modeled
with a restricted cubic spline function with 3 knots
and presented graphically. The locations of the
knots were determined by the percentiles recom-
mended by Harrell. Because 3 knots were chosen,
percentiles were 10, 50 and 90. (3) The magnitude of
percent change between IVCD and PVP was ana-
lyzed with linear mixed models; percent change in
IVCD or PVP from predialysis to each of the other
timepoints was the dependent variable, and a
binary variable defining IVCD vs PVP was the inde-
pendent variable (fixed effects). Random intercepts
included (1) a variable identifying each patient; (2) a
variable identifying each hemodialysis session; (3) a
variable identifying each timepoint. Finally, linear
mixed models were used to estimate correlation
coefficients for the association between IVCD or PVP
with hemoconcentration, and the correlation coeffi-
cients were compared by using the Meng test. A 2-
tailed P value < 0.05 was considered statistically
significant. Analyses were performed using Stata
17.0 (StataCorp, College Station, TX).
Results

Patient Population

A total of 20 patients were included in the analy-
sis. Baseline characteristics are presented in Table 1.
Eleven (55%) patients had left ventricular ejection
fraction < 50%, and all patients fulfilled echocardio-
graphic criteria for diastolic dysfunction. The left
atrium was, on average, dilated (> 34 mL/m2), and
all patients had increased NT-proBNP levels (median
3541, IQR 1811–6377 pg/mL).
Hemodialysis Characteristics

We collected data from 30 hemodialysis sessions
(Table 2). We included 10 patients during 2 different
hemodialysis sessions, and 10 additional patients



Table 2. Hemodialysis Sessions Characteristics

Characteristic N = 30

Weight predialysis (kg) 56.9§11.6
Weight postdialysis (kg) 54.9§11.1
Central venous pressure predialysis (mmHg) 11§2
Central venous pressure postdialysis (mmHg) 7§3
Peripheral venous pressure predialysis
(mmHg)

11§2

Peripheral venous pressure postdialysis
(mmHg)

8 § 3

Ultrafiltration volume (mL) 2101.5§666.8
Time of the hemodialysis session (min) 185 (185�190)
Systolic blood pressure predialysis (mmHg) 138 (118�154)
Systolic blood pressure post dialysis (mmHg) 121 (113�147)

Data are presented as median (quartile 1�3) or mean § SD.
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were included once. The median time of the hemo-
dialysis session was 185 (185�190) minutes, and the
mean ultrafiltration volume during this time was
2102 § 667 mL. The mean weight loss from pre- to
postdialysis was 2.0 § 1.0 kg, representing 3.7% §
1.0% of their dry body weight. The ultrafiltration
volume at each timepoint was: predialysis to intra-
dialysis 1 = 772§ 261 mL; intradialysis 1 to intradialy-
sis 2 = 670 § 268 mL; intradialysis 2 to intradialysis
3 = 586 § 148 mL; and intradialysis 3 to postdialysis
73 § 230 mL. Note that the from intradialysis 3 to
postdialysis, the ultrafiltration volume approached 0
because of the 400 mL of the blood/crystalloid
returned to the patient from the circuit.

Validation of PVP as a Surrogate for CVP

CVP was successfully measured in 90% of sessions
through the dialysis catheter, and PVP was success-
fully measured in 93% of the hemodialysis sessions.
CVP and PVP showed a strong correlation: R = 0.94
(P < 0.001) (Supplementary Fig. 1). The mean differ-
ence between CVP and PVP was -0.31 mmHg (95%
CI -0.80�0.19 mmHg).

Association Between IVC Parameters, PVP and
Ultrafiltration Volume

At baseline, prior to dialysis, maximum and mini-
mum IVCDs during normal respiration were 16.6 §
3.7 mm and 12.6 § 4.8 mm, respectively. IVCD dur-
ing the sniff maneuver (minimum diameter) was
10.9 § 3.8 mm. Mean CVP and PVP at baseline were
11 § 2 mmHg. Changes in maximum and minimum
IVCD and PVP during dialysis are described in Sup-
plementary Table 1. Changes in IVCD (maximum and
minimum) better discriminated changes in ultrafil-
tration volumes � 500 mL or � 750 mL compared
with PVP in receiver operating curve analysis (P<
0.01 for all comparisons) (Fig. 2). Likewise, when
analyzing the ultrafiltration volume at all time-
points during dialysis, changes in IVCD (maximum
and minimum) were statistically different from
changes in PVP, and they appeared to track better
with ultrafiltration volume than changes in PVP (P<
0.01 for both comparisons) (Fig. 3). In addition,
changes in IVCD were more sensitive (ie, of greater
relative magnitude) than PVP when analyzing
changes from predialysis to each of the other time-
points mentioned previously (average change for
IVCD minimum: -58% § 30%; average change for
IVCD maximum: -35% § 22%; average change for
PVP: -28§21%; P < 0.001 for both IVCD maximum
and minimum compared with PVP) (Fig. 4).

Importantly, when examining the time from pre-
dialysis to intradialysis 1 (the greatest change in
fluid status), the changes in IVCD were of greater
relative magnitude than the respective changes in
PVP, as shown in Fig. 4 (P< 0.01 for both maximum
and minimum diameter). Changes in IVCD (maxi-
mum and minimum) were statistically different
from changes in PVP (P< 0.05 for both) and
appeared to track better ultrafiltration volume com-
pared with changes in PVP (Supplementary Fig. 2).

Association Between IVC Parameters, PVP and
Hemoconcentration

Mean hemoglobin at intradialysis 1 was 9.7 § 1.9
mg/dL, at intra-dialysis 2 was 10.5 § 2.0 mg/dL and
intradialysis 3 was 11.0 § 2.3 mg/dL. Changes in
IVCD correlated with hemoconcentration (IVCD
max: R = -0.33; P= 0.011; IVCD min: R = -0.54; P=
0.003) better than change in PVP (R = 0.14; P= 0.68;
P= 0.02 for between parameter comparison of IVCD
min vs PVP).

Discussion

We measured changes of IVCD and PVP during
fluid manipulations in patients on dialysis and with
cardiac dysfunction. The principal finding was that
changes in IVCD were more sensitive (ie, of greater
relative magnitude) than changes in PVP, and they
also more reliably tracked the ultrafiltration volume.
These proof-of-concept findings are in alignment
with our prior findings in animals and the known
compliant physiology of venous vasculature. Meas-
urements based on IVC size may offer significant
advantages for earlier detection of congestion com-
pared with pressure-based monitoring, and this
hypothesis warrants testing in clinical trials (Visual
Take-Home Graphic).

The finding that IVC size changes are more sensi-
tive than changes in venous pressure is expected,
based on the well-established physiology of the
venous system, at least in the lower range of venous
dimensions. The venous vasculature is approxi-
mately 30 times more compliant than the arterial
vasculature and contains »70% of the total blood



Fig. 3. Association between IVC diameter changes, PVP changes and ultrafiltration volume. Changes in IVC maximum
diameter (left panel) and changes in IVC minimum diameter (right panel) tracked better ultrafiltration volume compared
with changes in PVP (blue lines) during hemodialysis (P interaction <0.01 for both). Note that the x axis (change in volume)
goes from 1500 mL to -400 mL. Negative numbers mean a net positive balance, which occurred in some patients from intra-
dialysis 3 to postdialysis, when approximately 400 mL of priming solution mixed with blood were returned to the patient; if
the volume of ultrafiltration during this period was lower than 400 mL, the balance was net positive.

Fig. 2. Discrimination capacity of IVC diameters and PVP for ultrafiltration volumes. A and B show the discrimination capac-
ity of IVC diameter and PVP for an ultrafiltration volume < 500 mL. Changes in IVC maximum diameter (A, AUC 0.78) or
minimum diameter (B, AUC 0.80) discriminated better an ultrafiltration volume < 500 mL compared with PVP (AUC 0.62);
P= 0.003 for IVC maximum diameter vs PVP; P= 0.001 for IVC minimum diameter vs PVP. C and D show the discrimination
capacity of IVC diameter and PVP for an ultrafiltration volume < 750mL. Changes in IVC maximum diameter (C, AUC 0.80)
or minimum diameter (D, AUC 0.80) discriminated better an ultrafiltration volume < 750 mL compared with PVP (AUC
0.56); P< 0.001 for both IVC maximum diameter or IVC minimum diameter vs PVP. For a volume < 750 mL, the optimal cut-
off value for PVP was -1.5 mmHg (sensitivity 67%, specificity 45%); for IVCD maximum, it was -2.1 mm (sensitivity 82%,
specificity 74%); and for IVCD minimum, it was -3.1 mm (sensitivity 85%, specificity 65%).
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Fig. 4. A, Comparison between changes in IVC diameter and PVP from predialysis to subsequent timepoints. Changes in IVC
maximum or minimum diameter are compared with changes in PVP (all in percent change) from predialysis to each of the
subsequent timepoints (intradialysis 1, intradialysis 2, intradialysis 3, and postdialysis). Panels B, C and D (red lines) show
IVC maximum diameter during normal respiration, minimum diameter during normal respiration, and minimum diameter
during sniff, respectively. PVP is shown in the same figures in blue. Data are presented as mean and SEM across the 5 time-
points. Changes in IVC max or IVC min were of greater magnitude than changes in PVP in A (P< 0.001 for both). Changes
in IVC from predialysis to intradialysis 1 appeared to be the greatest. ID, intradialysis; IVC, inferior vena cava; PVP, periph-
eral venous pressure.
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volume. Due to this compliance, pressure and vol-
ume are relatively disassociated until the capaci-
tance is exceeded by large changes in volume or a
change in the vasculature tone. In alignment with
this physiology, measures such as pulmonary capil-
lary wedge pressure and CVP have consistently dem-
onstrated minimal correlation with measures of
venous volume (ie, circulating blood volume and
intravenous fluid administration).22 Congruently, in
our present study, IVCD was more sensitive and spe-
cific for detecting small changes in ultrafiltration
volume than was peripheral venous pressure.
Previous preclinical proof-of-concept studies vali-

dated the discordant relationship between changes
in IVC and CVP.19,22 During experiments involving
administering IV fluid, venous vasodilator therapy
and inducing acute HF with rapid ventricular pacing,
an implantable sensor measuring IVC area was more
sensitive than hemodynamic monitoring parame-
ters, including CVP. These findings indicated that
IVC measures can detect both venous-volume
changes, due to fluid administration and redistribu-
tion, earlier than pressure-based measures. Our
present findings validate the superior sensitivity of
IVC size to detect changes with changes in total
blood volume following ultrafiltration.
The transition from compensated to symptom-
atic decompensated HF is preceded by a rise in
venous pressures prior to symptom onset.23

Importantly, this change in venous pressure often
occurs without measurable change in total body
volume as indicated by weight change.23�25

Implantable pulmonary artery-based pressure
monitoring systems have demonstrated the ability
to reduce hospitalizations due to HF by detecting
these changes in pressure and tailoring diuretic
and vasodilatory therapies to treat the underlying
venous congestion. However, the absolute rate of
HF events remained high; death or HF hospitaliza-
tion occurred in more than 30% of patients at 1
year.12,13,26 Following the theory behind these
interventions, devices serially monitoring IVC size
changes may be a strategy for earlier detection
of congestion prior to changes in vascular pres-
sure. This hypothesis warrants testing by chronic
IVC remote monitoring in patients with HF. The
FUTURE-HF trial (NCT04203576) is testing the fea-
sibility and safety of FIRE1 device monitoring IVC
size in patients with HF.

Several limitations should be noted. Congestion is
a slow process on the timescale of days, and we stud-
ied acute changes in volume status. Nevertheless,
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hemodialysis provides the opportunity to investigate
fluid changes on a much faster time scale, improving
the signal-to-noise ratio and potentially decreasing
other factors that may affect IVC and filling pressure,
independent of volume status. We studied patients
undergoing chronic hemodialysis in whom vascular
calcifications and other changes may independently
influence venous pressure-volume relationships. How-
ever, these changes should diminish vasculature
capacitance, making pressure a more sensitive mea-
sure of volume changes, which would be expected to
bias the present results toward the null. Yet this rep-
resents a limitation because patients with acute HF
may show differing venous compliance. IVCD was not
severely enlarged at baseline; however, patients had,
on average, lower body surface areas, and it has been
suggested that IVCD is independently associated with
body surface area. In fact, in patients with lower body
surface areas, an IVCD of 17 mm was suggested as
optimal cutoff point to define increased right atrial
pressure.27 We manipulated blood volume via ultrafil-
tration, which may not be representative of changes
in venous volumes during the transition to decompen-
sated HF. The present study does not show whether
changes in IVC would remain more sensitive than
PVP: (1) in gradual volume gain as would occur in out-
patients with HF; (2) in patients admitted with ADHF
and higher CVP on admission; (3) in patients whose
net fluid loss was greater than 3 L during inpatient
stay. We studied a relatively young population, and
only 1 patient had diabetes; therefore, we cannot
generalize our findings to regular hemodialysis
cohorts, in whom diabetes mellitus is the main cause
of kidney disease. Likewise, our findings cannot be
directly translated to patients with HF without kidney
failure but they warrant further investigation in such
patients with HF. Changes in IVC are not a pure reflec-
tion of change in total blood volume and likely are
influenced to variable degrees by venous capacitance,
IVC compliance and tone, and transmural pressure.
“Normal” IVC size has interpatient variability, limiting
an absolute value indicative of congestion; thus, nor-
malization to each patient as well as serial changes
may be required for interpretation. The study was not
blinded to the operator measuring the IVCD.
Conclusion

In conclusion, this proof-of-concept study in
humans is consistent with our previously reported
animal study, which showed that changes in IVC are
more sensitive than changes in filling pressures dur-
ing manipulation of volume status. Thus, the study
supports the concept that monitoring the IVC may
have value in the management of patients with
chronic HF.
Lay Summary

Tracking congestion (too much fluid in the body)
is key for the management of patients with heart
failure. In this study, patients with stable hemodialy-
sis were studied. We measured the inferior vena
cava diameter and the peripheral venous pressure
during ultrafiltration (removal of extra fluids from
the body). Inferior vena cava diameter appeared to
track better ultrafiltration volume than peripheral
venous pressure. Possibly, monitoring inferior vena
cava size changes may be a strategy for earlier
detection of congestion. This hypothesis warrants
testing chronic inferior vena cava monitoring in
patients with heart failure.
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