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OBJECTIVES The authors estimated changes of stressed blood volume (SBV) induced by splanchnic nerve block (SNB)

in patients with either decompensated or ambulatory heart failure with reduced ejection fraction (HFrEF).

BACKGROUND The splanchnic vascular capacity is a major determinant of the SBV, which in turn determines cardiac

filling pressures and may be modifiable through SNB.

METHODS We analyzed data from 2 prospective, single-arm clinical studies in decompensated HFrEF (splanchnic HF-1;

resting hemodynamics) and ambulatory heart failure (splanchnic HF-2; exercise hemodynamics). Patients underwent

invasive hemodynamics and short-term SNB with local anesthetics. SBV was simulated using heart rate, cardiac output,

central venous pressure, pulmonary capillary wedge pressure, systolic and diastolic systemic arterial and pulmonary

artery pressures, and left ventricular ejection fraction. SBV is presented as min/70 kg body weight.

RESULTS Mean left ventricular ejection fraction was 21 � 11%. In patients with decompensated HFrEF (n ¼ 11), the

mean estimated SBV was 3,073 � 251 min/70 kg. At 30 min post-SNB, the estimated SBV decreased by 10% to 2,754 �
386 min/70 kg (p ¼ 0.003). In ambulatory HFrEF (n ¼ 14) patients, the mean estimated SBV was 2,664 � 488 min/70 kg

and increased to 3,243 � 444 min/70 kg (p < 0.001) at peak exercise. The resting estimated SBV was lower in ambu-

latory patients with HFrEF than in decompensated HFrEF (p ¼ 0.019). In ambulatory patients with HFrEF, post-SNB, the

resting estimated SBV decreased by 532 � 264 min/70 kg (p < 0.001). Post-SNB, with exercise, there was no decrease of

estimated SBV out of proportion to baseline effects (p ¼ 0.661).

CONCLUSIONS The estimated SBV is higher in decompensated than in ambulatory heart failure. SNB reduced theestimated

SBV in decompensated and ambulatory heart failure. The reduction in estimated SBV was maintained throughout exercise.

(Splanchnic Nerve Anesthesia in Heart Failure, NCT02669407; Abdominal Nerve Blockade in Chronic Heart Failure,

NCT03453151) (J Am Coll Cardiol HF 2021;-:-–-) © 2021 by the American College of Cardiology Foundation.
I ncreased intracardiac pressures at rest and
more so during exercise are key hallmarks of
heart failure (HF). Patients with HF are charac-

terized by a heightened sympathetic and vascular
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blood volume (SBV) are terms used to describe
the functional distribution of the total blood vol-
ume (TBV) and its contribution to right and left
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ABBR EV I A T I ON S

AND ACRONYMS

CO = cardiac output

CVP = central venous pressure

HF = heart failure

HFrEF = heart failure with

reduced ejection fraction

PCWP = mean pulmonary

capillary wedge pressure

SBV = stressed blood volume

SNB = splanchnic nerve block

UBV = unstressed blood

volume
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ventricular preload. UBV (70% to 75% of
TBV) is the volume required to fill blood
vessels to the point beyond which tension
arises in the elastic walls of vascular struc-
tures. SBV (20% to 25% of TBV) is the vol-
ume above UBV that stretches vessel walls
and creates pressure within the vessels.
An increase in SBV as a result of venocon-
striction has been proposed as an important
driving mechanism of cardiac filling pres-
sure elevations in both acute and chronic
HF (1–3).

The splanchnic vascular compartment
contains a large portion of intravascular
blood volume. Active and passive changes, primarily
in the venous compartment, can induce changes in
the distribution of blood between UBV and SBV
within seconds (4,5). More specifically, a large pro-
portion of the UBV resides in the splanchnic venous
bed. Sympathetically mediated increases of
splanchnic venous blood vessel tone can therefore
induce rapid and potent functional shifts blood from
UBV to SBV components. Such increases of SBV also
result in physical shifts of blood from the splanchnic
bed to the thorax (6,7).

Splanchnic nerve blockade (SNB) was tested as a
novel therapy for heart failure with reduced ejec-
tion fraction (HFrEF) (8–10). The proposed mode of
action is splanchnic vasodilation with a functional
shift of SBV to UBV with return of blood to the
splanchnic reservoir. Short-term SNB was tested in
the Splanchnic HF-1 (decompensated HFrEF) and
Splanchnic HF-2 (ambulatory HFrEF) studies. In
Splanchnic HF-1, SNB reduced resting filling pres-
sures (central venous pressure [CVP], pulmonary
arterial pressure, and pulmonary capillary wedge
pressure [PCWP]) with a parallel increase in cardiac
output (CO). In Splanchnic HF-2, SNB decreased
resting and exercise induced filling pressures with
parallel improvement in CO and trend towards
improved exercise function.

Investigations of blood volume shifts in humans
during exercise are limited given the complexity of
indicator dilution, radiodilution techniques, or
plethysmography techniques required to measure
and image the blood pool. While the technical suc-
cess of SNB can be measured via arterial and intra-
cardiac pressure changes, these measures are only
surrogates of SBV and its changes. The objective of
this study was to use a previously validated model to
estimate the changes of SBV induced by SNB in both
Splanchnic HF-1 and HF-2 studies.
oaded for Anonymous User (n/a) at Columbia University from Cli
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METHODS

STUDY DESIGN AND POPULATION. The present
study included data obtained from 2 prior studies
investigating the effects of SNB in HFrEF. Splanchnic
HF-1 was a prospective, single-arm, open-label study
of patients hospitalized for decompensated HFrEF
between April 2017 and May 2018 (NCT02669407)
(9,10). Eligible patients had persistent New York
Heart Association functional class III/IV symptoms,
and a mean PCWP >15 mm Hg (>12 mm Hg if on
inotropes) on baseline right heart catheterization
during the hospitalization. Patients underwent short-
term bilateral SNB by direct injection of lidocaine.
The primary outcome was a change in resting, supine
cardiac filling pressures (9,10).

Splanchnic HF-2 was a prospective open label,
single-arm study of patients with ambulatory HFrEF.
Eligible patients were enrolled from May 2018
through June 2019 (NCT03453151) (8). Patients
enrolled in the study were on guideline-directed
medical therapy with persistent New York Heart As-
sociation functional class II/III symptoms. To qualify
for SNB, patients had to have a resting mean
PCWP $15 mm Hg and/or $25 mm Hg at peak exercise
during an initial (pre-SNB) invasive cardiopulmonary
exercise test. Patients underwent short-term SNB
with ropivacaine. The first 5 patients had bilateral
SNB and given observed orthostatic response to the
block the subsequent 10 patients had unilateral SNB
only. Patients underwent an invasive cardiopulmo-
nary exercise test before and after SNB. The primary
outcome was a change in exercise-induced filling
pressures (mean pulmonary arterial pressure and
PCWP) and exercise capacity as measured by peak
oxygen consumption (VO2) (8).

In both studies, patients with chronic kidney
disease stage V, known coagulopathies, and those
on oral anticoagulants or oral antiplatelet agents
other than aspirin were excluded. Morning medica-
tions were withheld before the study. Both study
protocols were approved by the local institutional
review board, and all patients provided written
informed consent.

INVASIVE HEMODYNAMIC TESTING. All invasive
hemodynamic measurements were recorded in the
supine position. Right heart catheterization through
the internal jugular vein (8-F sheath, and 7-F pul-
monary artery catheter) and a radial arterial cathe-
terization (5-F sheath) were used to assess central
hemodynamics, arterial pressures, and for blood gas
analysis. In Splanchnic HF-1, CO was estimated with
nicalKey.com by Elsevier on March 15, 2021.
 ©2021. Elsevier Inc. All rights reserved.
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the indirect Fick method. Hemodynamics were
recorded every 15 min, with an observed peak effect
at 30 min after SNB. In Splanchnic HF-2, CO was
calculated via direct Fick method (VO2 O AVO2-diff)
using breath-by-breath oxygen consumption (Vmax
e29, Vyaire Medical, Loma Linda, California). Hemo-
dynamics were recorded in the supine position with
feet down, feet up in the ergometer pedals, 20 W,
peak exercise, and after 2-min recovery. Intracardiac
pressures were obtained as the average end-
expiratory values across multiple respiratory cycles
over a 10-s period. Pressure tracings were evaluated
in a blinded fashion. Full details on exercise protocol
and hemodynamic testing can be found in the original
publication (8).

STUDY INTERVENTION. In both studies, the SNB was
performed following baseline hemodynamic testing.
All patients underwent a fluoroscopic-guided SNB by
anesthesiologists with subspecialty training in inter-
ventional pain medicine. A 22-g spinal needle was
guided to the anterolateral edge of the thoracolumbar
spine at the T12/L1 level. Once the needle was in final
position, iodinated contrast followed by a “test” dose
of 3 ml of 1.5% lidocaine with 1:200,000 epinephrine
was injected to confirm extravascular location of the
needle. In Splanchnic HF-1, we used 15 ml of 1%
lidocaine (with an expected duration of action
of <90 min); and in Splanchnic HF-2 we used 12 ml of
0.5% ropivacaine (expected duration of action <24 h).
Patients remained in a supine position throughout
the study, except during the SNB when the patient
was prone on his/her abdomen.

STRESSED BLOOD VOLUME ESTIMATION. As
detailed above, TBV is functionally divided into UBV
and SBV pools: TBV ¼ UBV þ SBV. Direct measure-
ment UBV and SBV requires complex experimental
preparations and maneuvers that are not readily
applicable to humans and are especially not appli-
cable to studies of exercise physiology. Accordingly,
we used a previously described simulation-based
method for estimating SBV based on widely used
models of the cardiovascular system (11). In brief, the
systemic and pulmonary circulations are represented
by series of resistors and capacitors (12) and the heart
chambers are represented by individual time-varying
elastances (11,13–15) (Supplemental Figure 1). The
nonlinear, time-varying differential equations gov-
erning this model can be solved by numeric integra-
tion. For estimation of SBV, the measured values of
heart rate, CO, CVP, PCWP, systolic and diastolic
arterial and pulmonary artery pressures, and left
ventricular ejection fraction for a given patient and
condition are provided to the model. Aside from heart
Downloaded for Anonymous User (n/a) at Colum
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rate, each of the other 8 variables represents a
measured parameter that must be matched by the
output of the model on a patient-by-patient basis.
This is accomplished by a custom-developed fitting
algorithm that performs an unbiased search of the
multidimensional model parameter space, adjusting
parameter model values to optimize the fit between
model-predicted and measured cardiovascular vari-
ables. Model parameter values that are optimized
include right and left ventricular end-systolic elas-
tances and diastolic stiffness constants, systemic and
pulmonary arterial compliances and characteristic
impedances and, finally, SBV. For a given patient,
ventricular stiffness constants were assumed to be
the same at rest and during exercise. In addition,
based on preclinical studies showing that venous
compliance is not influenced by sympathetic tone or
infusions of exogenous catecholamines, venous
compliance was also assumed to be the same at rest
and during exercise so that change in estimated SBV
(eSBV) would be the result of shift of the venous
pressure-volume relationship and not related to
changes in its slope (16,17). Because SBV determined
by this method is not a direct measurement, it will be
designated as eSBV. The parameter fitting algorithm
has been implemented and used in prior studies
(12,18). One key feature of this approach is that
nonlinear venous compliance curves have been
incorporated into the model to account for the
demonstrated nonlinearities identified experimen-
tally at high venous pressures such as those encoun-
tered during exercise in patients with HF.

To account for differences in patient sizes, all eSBV
values are presented as min/70 kg body weight.

STATISTICAL ANALYSIS. Continuous variables are
presented using the mean � SD, median (25th and
75th percentiles), and the minimum and maximum,
as appropriate based on the underlying distribution.
Statistical comparisons between variables assessed
only once post-SNB used the paired Student’s t-test.
Repeated measures models with compound symme-
try variance structure were used to evaluate the
change of eSBV from pre-SNB tests (legs down, legs
elevated, 20 W, peak, 2-min recovery) using a simu-
lation method to adjust for multiple pairwise com-
parisons of each post-procedure time point to pre-
SNB values. Each model included the test, pre-SNB
test value, time (pre- or post-SNB), and test-by-time
interaction. Statistical analyses were completed by
the Duke Department of Biostatistics and Bioinfor-
matics (Durham, North Carolina) using SAS version
9.4 (SAS, Institute, Inc., Cary, North Carolina). A p <

0.05 was considered statistically significant.
bia University from ClinicalKey.com by Elsevier on March 15, 2021.
t permission. Copyright ©2021. Elsevier Inc. All rights reserved.
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TABLE 1 Baseline Characteristics

Splanchnic HF-1
(n ¼ 11)

Splanchnic HF-2
(n ¼ 14)

Male 8 (73) 8 (57)

Age, yrs 64 � 13 58 � 13

Ischemic cardiomyopathy 7 (64) 9 (64)

History of hypertension 6 (55) 4 (29)

History of diabetes 7 (64) 4 (29)

History of atrial fibrillation 7 (64) 7 (50)

LVEF, % 18 � 11 21 � 12

BMI, kg/m2 32 (22-43) 31 (22-56)

Implantable cardioverter-defibrillator 10 (91) 14 (100)

Creatinine, mg/dl 2 � 0.7 1.2 � 0.4

BUN, mg/dl 58 � 20 20 � 10

NT-proBNP, pmol/l 8,134 (1,221-38,364) 2,234 (112-9,319)

Inotrope 6 (55) 0 (0)

Beta blockers 5 (45) 14 (100)

ACE-I/ARB 3 (27) 10 (71)

Mineralocorticoid receptor antagonists 8 (73) 10 (71)

Values are n (%) mean � SD, or mean (min-max).

ACE-I ¼ angiotensin-converting enzyme inhibitor; ARB ¼ angiotensin receptor blocker; BMI ¼ body mass
index; BUN ¼ blood urea nitrogen; LVEF ¼ left ventricular ejection fraction; NT-proBNP ¼ N-terminal pro-B-type
natriuretic peptide.

TABLE 2
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RESULTS

eSBV. All patients originally included in the
Splanchnic HF-1 (n ¼ 11) and 14 of 15 patients in the
Splanchnic HF-2 study were included in the analysis
of eSBV. One patient from the Splanchnic HF-2 study
was excluded due to absent measurement of CVP
with exercise, which precluded the analysis of eSBV.
The majority of the patients were men with ischemic
cardiomyopathy and a high burden of comorbid dis-
ease. Mean (min-max) left ventricular ejection frac-
tion was 18% (<15% to 45%) (Table 1). The
Hemodynamic Parameters Pre– and Post–Splanchnic Nerve

in Decompensated Heart Failure

Pre-SNB Post-SNB

, beats/min 89.8 � 12.4 90.3 � 14.9

tput, l/min 4.5 � 1.5 5.4 � 1.6

nous pressure, mm Hg 18.7 � 5.6 14.4 � 4.6

c, mm Hg 65.2 � 9.9 53.9 � 12.5

ic, mm Hg 33.8 � 6.2 25.7 � 4.5

Hg 29.5 � 6.5 22.3 � 7.1

P, mm Hg 122.6 � 19.8 111.6 � 16.3

P, mm Hg 69.3 � 12 56.7 � 9.4

ds U 3.6 � 1.4 2.9 � 1.3

s/s/cm5 886 � 306 913 � 308

ean � SD.

rial blood pressure; PA ¼ pulmonary arterial pressure; PCWP ¼ pulmonary capillary
sure; PVR ¼ pulmonary vascular resistance; SNB ¼ splanchnic nerve block; SVR ¼
scular resistance.
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hemodynamic responses SNB at rest and during ex-
ercise have been detailed in the original papers and
are summarized in Tables 2 and 3. In general, SNB was
associated with decreases of CVP, pulmonary arterial
pressure, PCWP and arterial pressure and increases of
CO at rest and during exercise. In the Splanchnic HF-2
study of stable HFrEF outpatients, SNB was also
associated with a decrease of systemic vascular
resistance (SVR).

We confirmed that the model optimization
approach with nonlinear vascular compliances we
used to estimate SBV accurately fit CVP, PCWP, and
CO (Supplemental Figure 2); these 3 parameters are
key in the determination of SBV as will be detailed in
the Discussion section (19).

In patients hospitalized for decompensated HFrEF,
the mean eSBV was 3,073 � 251 min/70 kg. At 30 min
post-SNB (the peak hemodynamic effect of SNB), the
eSBV decreased to 2,754 � 386 min/70 kg (p ¼ 0.003)
(Central Illustration). This equates to an average
reduction of 319 � 278 min/70 kg.

In ambulatory patients with HFrEF, eSBV averaged
2,664 � 488 min/70 kg, which was 409 �
1,362 min/70 kg lower than the decompensated pa-
tients with HFrEF in Splanchnic HF-1 (p ¼ 0.019). In
these ambulatory patients with HFrEF, eSBV
increased by 181 � 169 min/70 kg when legs were
elevated to 2,845 � 416 min/70 kg (p ¼ 0.001) and by
an additional 579 � 427 min/70 kg to 3,243 �
444 min/70 kg (p < 0.001) at peak exercise. Post-SNB,
eSBV at rest decreased by 532 � 264 min/70 kg
(p < 0.001). With leg elevation, eSBV increased 134 �
276 min/70 kg (p ¼ 0.104 for absolute values pre- and
post-SNB). With peak exercise, the eSBV increased by
530 � 312 min/70 kg to 2,662 � 656 min/70 kg
(p < 0.001). Whereas the absolute value of eSBV was
reduced post-SNB under all conditions, the absolute
exercise-induced increase of eSBV did not differ
significantly between pre- and post-SNB (p ¼ 0.661)
(Figure 1).

To help define the relative contributions of the
reduction of eSBV and reduction of SVR to the SNB-
induced decreases of filling pressures and increased
CO noted during exercise in Splanchnic HF-2, we
modeled the impact of sequentially changing these 2
parameters in a simulation of a patient with an
average hemodynamic profile at 20 W of exercise
(values summarized in Table 3). As shown in
Supplemental Figure 2, the observed reduction of
SVR increased CO but did not detectably impact filling
pressures or arterial and pulmonary pressures. How-
ever, adding the estimated reduction of eSBV had
little impact on CO but fully accounted for the re-
ductions of filling pressures in both ventricles.
nicalKey.com by Elsevier on March 15, 2021.
 ©2021. Elsevier Inc. All rights reserved.
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TABLE 3 Hemodynamic Parameters Pre– and Post–Splanchnic Nerve Blockade in Ambulatory Heart Failure

Pre-SNB Post-SNB

Rest Legs Up 20 W Peak Recovery 2 min Rest Legs Up 20 W Peak Recovery 2 min

Heart rate, beats/min 75.5 � 15.9 77.7 � 16 94.4 � 21.7 95.8 � 23.8 81.2 � 16.0 80.6 � 18.2 80.1 � 18.4 99.8 � 23.5 104.8 � 26.4 83.8 � 16.8

Cardiac output, l/min 3.9 � 1.0 3.8 � 1.3 5.8 � 2.0 6.7 � 2.4 6.6 � 3.1 4.7 � 1.7 4.2 � 1.1 6.5 � 1.7 7.4 � 2.1 6.8 � 2.1

Central venous pressure,
mm Hg

13.6 � 4.1 15.9 � 5.0 23.1 � 5.8 23.2 � 6.2 15.6 � 3.6 8.4 � 4.1 10.3 � 4.9 15.3 � 8.3 15.4 � 7.8 9.9 � 4.6

PA systolic, mm Hg 54 � 16.1 59.9 � 18.1 71.2 � 15.5 76.5 � 18.6 64.1 � 18.3 43.5 � 16.3 46.6 � 19.6 55.5 � 25.0 65.9 � 23 52.1 � 21.8

PA diastolic, mm Hg 24.4 � 9.9 27.8 � 10.9 27.3 � 15.1 31.3 � 11.9 28.2 � 11.6 19 � 11.0 21.1 � 11.5 21.3 � 12.4 23.0 � 12.7 20.7 � 11.5

PCWP, mm Hg 27.5 � 7.3 30.7 � 8.3 34.3 � 10.6 34.3 � 10.1 26.9 � 8.3 19.1 � 8.4 20.7 � 10.3 22.7 � 10 24.4 � 10.7 17.7 � 10.2

Systolic BP, mm Hg 131.6 � 19.2 135.4 � 18.5 151.6 � 20.8 149.6 � 24.4 141.9 � 21.3 120.7 � 20.3 126.1 � 18.0 127.0 � 22.5 134.4 � 28.1 128.6 � 28

Diastolic BP, mm Hg 74.7 � 10.8 79.1 � 12.1 78.9 � 16.9 77.6 � 20.3 72.4 � 14.0 66.5 � 11.9 69.5 � 10.3 64.6 � 16.0 68.6 � 17.6 65.2 � 15.4

PVR, Woods U 3.2 � 2 3.6 � 1.8 2.9 � 1.8 2.9 � 2.2 3.1 � 2.3 2.6 � 1.4 3.2 � 1.7 2.5 � 1.9 2.8 � 1.3 3.0 � 1.3

SVR, dynes/s/cm5 1,676 � 692 1,728 � 768 1,136 � 559 973 � 573 1,004 � 992 1,306 � 584 1,488 � 487 863 � 334 827 � 320 911 � 406

eSBV, min/70 kg 2,664 � 488 2,845 � 416 3,260 � 362 3,243 � 352 2,762 � 444 2,132 � 570 2,266 � 613 2,581 � 640 2,662 � 656 2,221 � 679

Values are mean � SD.

Abbreviations as in Table 2.
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DISCUSSION

The key findings of this study are: 1) Decompensated
patients with HFrEF had a higher eSBV than chronic
ambulatory patients; 2) SNB resulted in an acute
reduction of eSBV by 319 to 532 min/70 kg in both
decompensated and chronic ambulatory patients
with HFrEF; and 3) In chronic ambulatory patients
CENTRAL ILLUSTRATION Stressed
Blood Volume in Decompensated
Heart Failure
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Fudim, M. et al. J Am Coll Cardiol HF. 2021;-(-):-–-.

Estimated stressed blood volume and effects of splanchnic

nerve blockade in decompensated heart failure. HF ¼ heart

failure; eSBV ¼ estimated stressed blood volume;

SNB ¼ splanchnic nerve block.
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with HFrEF, the reduction in eSBV was maintained
throughout exercise, but there was no effect on
changes of eSBV from the starting resting condition.

Reduced splanchnic vascular capacity has been
considered to contribute to both symptoms of exer-
cise intolerance and the more insidious development
of cardiac decompensation (2,3,10,20,21–24). The ev-
idence for reduced splanchnic vascular capacity has
been shown in preclinical models of HF and in
FIGURE 1 Stressed Blood Volume in Ambulatory Heart Failure

Estimated stressed blood volume and effects of splanchnic nerve blockade in ambulatory

heart failure. Asterisks indicate an adjusted p < 0.001 for a pairwise comparison with the

pre-SNB value. HF ¼ heart failure; eSBV ¼ estimated stressed blood volume;

SNB ¼ splanchnic nerve block.

bia University from ClinicalKey.com by Elsevier on March 15, 2021.
t permission. Copyright ©2021. Elsevier Inc. All rights reserved.
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humans with HF (20,25,26). Evidence in humans is
limited to a report of 12 patients from the 1950s
showing a decreased splanchnic blood volume in a
state of TBV excess (20). In HF, it is common that
patients have normal resting hemodynamics but an
abnormal hemodynamic response to exercise char-
acterized by rapid and marked elevations of filling
pressures (22,23,27). Redistribution of splanchnic
blood volume towards the central arteries and veins
can lead to a rapid elevation in right- and left-sided
cardiac pressures in HF, which may be further
amplified by increases in pericardial restraint (1–3,28).
This appears to be a consequence of increased effec-
tive circulating blood volume and not merely a sign of
diastolic dysfunction as is commonly cited (2). The
splanchnic nerves supply the abdominal compart-
ment with sympathetic fibers and are thus the major
regulator of splanchnic vascular tone (29,30). Acti-
vation of splanchnic nerves recruits blood volume
into the central circulation, whereas SNB results in
vasodilation and redistribution of blood back into the
splanchnic vascular compartment (4,5,29).

Our investigation supports several key concepts in
cardiovascular physiology. First, we provide sup-
portive evidence of a high SBV in chronic HFrEF and
even more so in acute HFrEF. Using invasive methods
to determine SBV in patients without HF, Magder and
De Varennes (31) quantified SBV in 5 patients without
HF on cardiac bypass to be in average 1,290 � 296 ml,
which amounted to w30% of predicted total blood
volume. In a separate investigation by Mass et al. (32),
SBV was measured in 15 intubated patients using a
sequence of breath hold, volume infusion and with-
drawal, and arm stop-flow maneuvers while
measuring CO and arterial and venous pressures. The
SBV was 1,265 � 541 ml, and approximately 28.5% of
the predicted TBV. However, due to their highly
invasive nature, these methods are unlikely to be
applied widely to investigate the role of the venous
system in patients with HF. The method used in the
present study is based on a validated cardiovascular
simulation and readily allows for application for sci-
entific investigations.

Second, our investigation confirms that the SNB
reduces eSBV and that this is likely the principle
mechanism of action responsible for reducing cardiac
filling pressures at rest and during exercise. Notably,
SNB also lowered SVR (but not pulmonary vascular
resistance) in ambulatory patients which can
contribute to the observed hemodynamic benefits of
SNB. Pharmacological vasodilation can reduce the SBV
in preclinical models of HF that have increased SBV.
Splanchnic-induced venodilation not only results in a
functional decrease of global eSBV but also a physical
Downloaded for Anonymous User (n/a) at Columbia University from Cli
For personal use only. No other uses without permission. Copyright
redistribution of blood from the pulmonary circulation
to the splanchnic vascular bed (33). These effects were
most pronounced with venodilators such as nitro-
glycerin (which increased UBV by w30%) (28,34).
Agents targeting primarily arterial tone have been
shown to have the least effect in venous capacity and
are less effective at reducing cardiac filling pressures
(25,34–36). Combined arterial and venous dilators such
as angiotensin-converting enzyme inhibitors have
intermediary effects on SBV and reductions of cardiac
filling pressures (increase in UBV by 11%) (25,34,37).

As emphasized above, estimates of SBV were ob-
tained using a parameter optimization algorithm
applied to a comprehensive cardiovascular model to fit
each individual patient’s hemodynamic profile. This
approach was adopted because direct measurement of
SBV and UBV is not feasible in patients, especially
during exercise. Even in the setting of preclinical
studies with highly invasive instrumentation and
extracorporeal reservoirs, it is typically possible to
only measure changes of SBV, not absolute values of
SBV, in response to physiological and pharmacological
interventions (16,38–42). More recently, Uemura et al.
(19) derived and validated a simple analytic formula:
SBV ¼ T$CO þ Cs$CVP þ Cp$PCWP. T is the character-
istic vascular time constant determined by the distri-
bution of resistance and compliance over the entire
vascular system. Cs and Cp are total systemic and
pulmonary vascular compliances, respectively. T/Cs
and T/Cp give resistances to systemic and pulmonary
venous returns. SBV/T defines maximum venous re-
turn. While simple to calculate, an important limita-
tion of this approach, however, is that it does not
account for nonlinearities of vascular pressure-
volume curves at the high values of CVP and PCWP
encountered in patients with HF, especially during
exercise. As a consequence, this equation can result in
unrealistically large values of eSBV. Nevertheless, this
equation provides the theoretical foundation for a
simple but powerful concept: there is a tight link be-
tween bilateral cardiac filling pressures, CO, and SBV.
It is for this reason that it was important to confirm
that the parameter fitting algorithm accurately pre-
dicted CVP, PCWP, and CO (Supplemental Figure 3).
Although future studies will be required to provide
further validation of this approach, it is recognized
that at the current time there is no other approach to
estimate SBV in patients.

STUDY LIMITATIONS. Both Splanchnic HF-1 and HF-2
studies used short-term SNB, which limits the inter-
pretation of potential effects of more permanent SNB
on long-term SBV and hemodynamics. The studies
are further limited by small patient numbers and
nicalKey.com by Elsevier on March 15, 2021.
 ©2021. Elsevier Inc. All rights reserved.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Decompensated

patients with HFrEF had a higher eSBV than chronic ambulatory

patients. SNB reduced the eSBV up to one-half a liter of blood in

both decompensated and chronic ambulatory patients with

HFrEF.

TRANSLATIONAL OUTLOOK: Whether the short-term ef-

fects of SNB on eSBV persist over a prolonged period remains to

be investigated. Whether a reduction in eSBV is sufficient to

improve functional and clinical outcome in HF is unknown.
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open-label design. Yet, hemodynamic values were
evaluated in a blinded fashion and results were
consistent between patients and between the 2
SNB studies.

CONCLUSIONS

In further analysis of 2 studies investigating the ef-
fects of SNB on hemodynamics in patients with
decompensated and ambulatory HFrEF, we found
that SNB reduced the eSBV in both clinical scenarios.
The reduction in eSBV was maintained throughout
exercise. Future investigation of SNB must investi-
gate whether short-term effects on eSBV persist over
a prolonged period, and whether a reduction in eSBV
is sufficient to improve functional and clinical
outcome in HF.
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