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BACKGROUND: Splanchnic nerve modulation (SNM) is an emerging procedure to reduce cardiac filling pressures in heart failure.
Although the main contributor to reduction in cardiac preload is thought to be increased venous capacitance in the splanch-
nic circulation, supporting evidence is limited. We examined changes in venous capacitance surrogates pre- and post-SNM.

METHODS AND RESULTS: This is a prespecified analysis of a prospective, open-label, single-arm interventional study evaluat-
ing the effects of percutaneous SNM with ropivacaine in chronic heart failure with elevated filling pressures at rest and with
exercise. Patients underwent cardiopulmonary exercise testing with invasive hemodynamic assessment pre- and post-SNM.
Blood pressure changes with modified Valsalva maneuver and hemoconcentration, pre- and post-SNM were compared using
a repeated measures model. Inferior vena cava diameter and collapsibility (>50% decrease in size with inspiration), and pres-
ence of bendopnea pre- and post-SNM were also compared. Fifteen patients undergoing SNM (age 58years, 47% women,
93% with left ventricular ejection fraction <35%) were included. After SNM, changes in systolic blood pressure during Valsalva
(peak-to-trough) were greater (41 versus 48mmHg, P=0.025). Exercise-induced hemoconcentration was unchanged (0.63
versus 0.43g/dL, P=0.115). Inferior vena cava diameter was reduced (1.59 versus 1.30cm, P=0.034) with higher collapsibility
(83% versus 73%, P=0.014). Bendopnea was less (47% versus 13%, P=0.025).

CONCLUSIONS: SNM resulted in increased venous capacitance, associated decreased cardiac preload, and decreased bendo-
pnea. Minimally invasive measures of venous capacitance could serve as markers of successful SNM. Long-term effects of
SNM on venous capacitance warrant further investigation for heart failure management.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT03453151.
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volume." Its greater compliance compared with the

arterial system allows the venous circulation to func-
tion as both a conduit and a reservoir for intravascular
blood volume. Veins are heavily innervated by adren-
ergic receptors of the sympathetic autonomic nervous
system,?2 which enables the venous system to respond
promptly to stimuli through changes in vascular capac-
itance and intravascular fluid redistrioution.* By doing

The venous system contains =70% of the total blood

S0, venous circulation plays an important role in con-
trolling central intravascular volume and cardiac preload.
The splanchnic venous compartment, which consists
of veins of the abdominal visceral organs, differs from
other venous vascular beds. They are more compliant
and contain a much larger volume of blood in compar-
ison to the organ volume (up to 30% of total blood vol-
ume).>~" This reservoir of venous blood is also referred
to as unstressed blood volume. With sympathoadrenal
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CLINICAL PERSPECTIVE
What Is New?

Splanchnic nerve modulation resulted in in-
creased venous capacitance as demonstrated
by changes in the proposed surrogates: peak-
to-trough blood pressure changes during the
Valsalva maneuver, inferior vena cava diameter
and its collapsibility, self-reported bendopnea,
and changes in hemoglobin level (hemocon-
centration) after exercise.

e We observed lack of strong correlation between
changes in venous capacitance surrogates and
filling pressures both pre- and postsplanchnic
nerve modulation.

What Are the Clinical Implications?

e The proposed venous capacitance surrogates
may be used to identify potential candidates for
splanchnic nerve modulation therapy and as
markers of successful interventions targeting
venous capacitance.

e \enous capacitance surrogates might be help-
ful in managing patients with heart failure, yet
further investigation is warranted.

Nonstandard Abbreviations and Acronyms

IVvC inferior vena cava

PCWP pulmonary capillary wedge pressure
SBV stressed blood volume

SNM splanchnic nerve modulation

stimulation, up to 800mL of blood (unstressed blood
volume) can mobilize from the splanchnic blood pool to
the systemic circulation (ie, autotransfusion) within sec-
onds, producing a rapid increase in cardiac preload.®
This increase in venous return or stressed blood volume
(SBV) generally will increase cardiac output. However, in
patients with heart failure (HF), fluid redistribution from
splanchnic circulation could worsen central vascular
congestion and lead to HF decompensation.®'°
Sympathetic nervous system-mediated changes
in splanchnic venous capacitance and resultant fluid
redistribution has been recognized as a potential ther-
apeutic target in HF. Venous capacitance is reduced in
HF due to an increased sympathetic tone."-'* Greater
splanchnic nerve modulation is an emerging concept
in the management of HF. The safety and efficacy of
temporary splanchnic nerve modulation (SNM) were
investigated in 2 proof-of-concept studies in patients
with decompensated HF (Splanchnic HF-1)'*'® and
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chronic HF (Splanchnic HF-2).!” Temporary SNM low-
ered resting filling pressures and improved cardiac
output in patients hospitalized for acute decompen-
sated HF. In ambulatory HF, SNM reduced filling pres-
sure at rest and during peak exercise with associated
improvement in cardiac output. The observed hemo-
dynamic changes were associated with a decrease in
estimated stressed blood volume and an increase in
estimated unstressed blood volume.”® The observed
hemodynamic changes post-SNM are believed to be
due to an increase in splanchnic venous capacitance,
yet mechanistic evidence supporting this hypothesis is
limited. We sought to investigate several noninvasive
clinical surrogate measures of splanchnic venous ca-
pacitance at rest and with exercise, before and after
SNM. The proposed surrogate metrics of (splanchnic)
venous capacitance are as follows: blood pressure
(BP) changes during Valsalva maneuver, changes in
inferior vena cava (IVC) diameter, hemoconcentration
during exercise, and self-reported bendopnea.

METHODS

Because of the sensitive nature of the data collected
for this study, requests to access the data set from
qualified researchers trained in human subject confi-
dentiality protocols may be sent to the corresponding
author.

Study Design and Population

This is a prespecified analysis of the Splanchnic HF-2
trial (ClinicalTrials.gov NCT03453151). Splanchnic HF-2
is a prospective, open-label, single-arm study evalu-
ating the effects of SNM in ambulatory HF. Eligible
patients were enrolled at Duke University Medical
Center (Durham, NC) from May 2018 to June 2019.
Inclusion criteria were patients with HF who had been
on guideline-directed medical therapy with persistent
New York Heart Association class I/l symptoms.
Patients were also required to have a resting mean pul-
monary capillary wedge pressure (PCWP) >15mmHg
or >25mmHg at peak exercise. Patients with chronic
kidney disease stage 5 and those with increased risk
of bleeding (ie, known coagulopathies, and those on
oral anticoagulants or oral antiplatelet agents other than
aspirin) were excluded. Qualified patients underwent a
fluoroscopic-guided percutaneous SNM at the T12/L1
level with ropivacaine. The procedure was performed
bilaterally in the first 5 cases and unilaterally in the sub-
sequent 10 cases due to symptomatic orthostatic hy-
potension with bilateral SNM. The expected duration
of sympatholytic effects was up to 24hours. Invasive
hemodynamics were measured with patients in the
supine position at rest and during exercise before and
after SNM. Following resting hemodynamics, patients
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underwent supine cycle ergometry testing at a fixed
workload of 20 W during a warm-up phase until pa-
tients reached a steady state of expired VO, or up to
7 minutes. After reaching steady state, patients contin-
ued to exercise, with a stepwise increase in workload of
20 W every minute until exhaustion. Hemodynamic as-
sessment during exercise was performed at 20 W and
at peak exercise. Cardiac output was assessed using
the direct Fick method. Patients repeated the exercise
protocol after SNM (after a 30-minute wait period) with
arecovery time of 1 to 1.5 hours between exercise stud-
ies (Figure S1). Hemodynamic tracings were reviewed
in a blinded fashion. Full details on exercise protocol
and hemodynamic testing can be found in the original
publication.” The study protocols were approved by
the Duke University institutional review board, and all
patients provided written informed consent.

Measurements of Venous Capacitance
Surrogates

In addition to invasive hemodynamics, patients under-
went modified Valsalva maneuver testing at rest before
and after SNM.'® Patients used a mouthpiece with an
aperture at the tip of the tube to permit the escape
of a small amount of air. As changes in hemodynam-
ics during the Valsalva maneuver greatly depend on
patient’s effort, patients were trained to perform the
modified Valsalva maneuver before the actual test at
each time point. After 1 test run and being observed at
baseline to ensure mean arterial BP fluctuations to be
<5mmHg, patients blew into the tube for 10seconds,
after which patients resumed normal breathing. Arterial
BP changes were observed for the subsequent 30 sec-
onds. Changes in arterial BP from peak (Phase ) to
trough (early Phase Il) were evaluated before and 1 hour
after SNM while still in the catheterization laboratory.

IVC diameter was measured with ultrasound at
baseline and after forceful inspiration. Changes in IVC
diameters were subsequently assessed, and patients
were considered to have IVC collapsibility if there was
>50% decrease in IVC diameter with forceful inspira-
tion. The IVC assessment (diameter and collapsibility)
was repeated within 1 hour after SNM. Images were
reviewed in a blinded fashion. To minimize the impact
of prolonged fasting on IVC parameters, we calculated
IVC diameter/right atrial pressure ratio, which implies
IVC capacitance pre- and post-SNM.

To assess for bendopnea, patients were seated and
instructed to bend forward at the waist as if tying their
shoes for at least 30seconds. Patients were consid-
ered to have bendopnea if they reported shortness
of breath while bending forward and breathing. The
presence of bendopnea was reassessed after SNM.
Patients were allowed to hydrate and eat before the
assessment of bendopnea after SNM.
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To assess for the degree of hemoconcentration
following exercise, hemoglobin levels were measured
at rest and during peak exercise to calculate changes
in hemoglobin level. The measurements were reas-
sessed after patients underwent SNM. Measurements
occurred within 1.5hours of each other.

Statistical Analysis

Continuous variables are presented using the mean
and SD or median and range, as appropriate, based
on the underlying distribution. Statistical comparisons
between individual time points pre- and post-SNM
used the paired t test for continuous variables and the
McNemar’s test for categorical variables. BP (systolic,
diastolic, and pulse pressure) with Valsalva maneuver
before and after SNM were analyzed using a repeated
measures model adjusted for fixed-effects including
baseline BP, test (baseline, peak or trough), time (pre-
or post-SNM), and all possible 2-way interactions with
arandom intercept and compound-symmetry variance
structure. A similar model for hemoconcentration was
also used. Model results are presented using the least-
squares (LS) mean estimate or difference with 95%
Cl. Post-hoc analysis was conducted to assess the
correlation between venous capacitance surrogates
and changes in PCWP from resting to peak exercise
pre- and post-SNM using linear regression with the
coefficient of determination presented (R?). Statistical
analyses were performed using SAS version 9.4 (SAS,
Institute, Inc., Cary, NC). A P value <0.05 was consid-
ered statistically significant.

RESULTS

Baseline Characteristics

A total of 15 patients were included in this analy-
sis. The average age was 58+13years; 7 (47%) were
women, and 9 (60%) had ischemic cardiomyopathy
(Table 1). Fourteen (93%) patients had left ventricular
gjection fraction <35%. Mean NT-proBNP (N-terminal
pro natriuretic peptide) was 2172 pmolL/L (range, 112—
9319 pmolL/L). Baseline invasive hemodynamics (at
rest, pre-SNM) were the following: right atrial pres-
sure 13.824.0mmHg, mean pulmonary artery pres-
sure 40.5+12.3mmHg, and PCWP 28.3+7.6mmHg
(Table 2). Average exercise time was 4:48+1:36 min-
utes pre-SNM and 5:03+1:31 minutes post-SNM.
Cardiopulmonary exercise parameters pre- and post-
SNM are shown in Table 2.

Blood Pressure Changes During Valsalva
Maneuver

The modified Valsalva maneuver was performed in
11 patients (Table 3). At rest, the mean heart rate was
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Table 1. Baseline Characteristics
Characteristics Values
Sex (female) 7 (47)
Age, mean+SD, y 58+13
BMI, mean (range), kg/m? 32 (22-56)
Ischemic cardiomyopathy 9 (60)
Comorbidities
Hypertension 5(33)
Diabetes 4(27)
Atrial fibrillation 8 (53)
LVEF
<35% 14 (93)
>35% 10
Laboratory profiles
Creatinine, mean (range), mg/dL 1.2 (0.7-1.9)
BUN, mean (range), mg/dL 32 (22-56)
NT-proBNP, mean (range), pmol/L 2172 (112-9319)
Guideline-directed medical therapy
Beta-blockers 15 (100)
ACE-I/ARB 11 (73)
Mineralocorticoid receptor antagonists 10 (67)
Implantable cardioverter-defibrillator 15 (100)

ACE-l indicates angiotensin-converting enzyme inhibitors; ARB,
angiotensin-receptor blockers; BMI, body mass index; BUN, blood urea
nitrogen; LVEF, left ventricular ejection fraction; and NT-proBNP, N-terminal
pro natriuretic peptide.

elevated after SNM (pre-SNM 75+17 bpm and post-
SNM 79+17 bpm, P=0.042) but no significant changes
in resting arterial BP were seen (pre-SNM systolic
blood pressure [SBP] 132+17 mmHg and post-SNM
SBP 128+16mmHg, P=0.201). There was no dif-
ference in both SBP and diastolic blood pressure in
Phase I. In the early Phase I, the SBP dropped to a
lower value post-SNM (98+27 mmHg) as compared
with pre-SNM (11218 mmHg, P=0.006). No differ-
ence between pre- and post-SNM diastolic blood
pressure were seen in the early Phase Il (68+18 mmHg
versus 62+16mmHg, P=0.057). Changes from peak
to trough SBP during the Valsalva maneuver were
greater post-SNM (48+17 mmHg) compared with pre-
SNM @1+19mmHg, LS mean difference: 7.87 [95%
Cl, 1.08-14.65], P=0.025) (Figure S2 and S3). There
was no difference in changes from peak to trough di-
astolic blood pressure during the Valsalva maneuver
post-SNM (2716 mmHg) compared with pre-SNM
(28+22mmHg, LS-mean difference: —-0.33 [95% ClI
-11.90, 11.24], P=0.95). Pulse pressure, defined as
difference between SBP and diastolic blood pres-
sure, was unchanged from peak to trough during the
Valsalva maneuver post-SNM (19+21 mmHg) com-
pared with pre-SNM (12+14mmHg, LS mean differ-
ence: 6.54 [95% ClI, —-2.88, 15.96], P=0.162).
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Inferior Vena Cava Changes and
Self-Reported Bendopnea
Ultrasound-measured IVC diameter at rest was smaller
post-SNM  (1.6+0.6 versus 1.3+£0.6cm, P=0.016).
Incidence of IVC collapsibility was higher post-SNM
(833% versus 73%, P=0.034). The IVC diameter/right
atrial pressure ratio was higher post-SNM (0.12+0.04
versus 0.17+0.06. P=0.014). Self-reported bendopnea
rate decreased from 47% to 13% post-SNM (P=0.025).
No patient developed new bendopnea post-SNM.

Hemoconcentration

There was no difference in hemoglobin level at rest
pre-SNM  (12.9+1.5g/dL) compared with post-SNM
(12.8+1.4g/dL, P=0.250). Hemoglobin level was
lower at peak exercise post-SNM (13.5+1.7 versus
13.2+1.6 g/dL, P=0.007). Less hemoconcentration was
found post-SNM compared with pre-SNM (0.6+0.4
versus 0.4+0.4g/dL, LS mean difference: —0.19 [95%
Cl, -0.42, 0.05], P=0.115), but the difference was not
statistically significant (Figure S4).

Intervention-Specific Outcomes

Of 15 patients, first 5 patients underwent bilateral
SNM, and the subsequent 10 patients underwent uni-
lateral SNM. Valsalva maneuver was performed in only
1 patient in bilateral SNM. Therefore, the intervention-
specific analysis on BP changes during Valsalva ma-
neuver was not performed. Baseline hemodynamics
and changes in other venous capacitance surrogates
were compared pre- and post-SNM according to their
interventions (Table S1).

Correlation Between Venous Capacitance
Surrogates and Changes in Filling
Pressures During Exercise

There was no correlation between changes in BP
during Valsalva (from peak to trough) and changes
in PCWP during exercise (from resting to peak exer-
cise) both pre-SNM (R?=0.23, P=0.139) and post-SNM
(R°=0.21, P=0.152) (Figure A and B). IVC diameter
was correlated with changes in PCWP post-SNM
(R?=0.28, P=0.044), but correlation pre-SNM (R°=0.26,
P=0.053) was not found to be significant (Figure C
and D). IVC collapsibility was correlated with changes
in PCWP post-SNM (R?=0.48, P=0.004) but not pre-
SNM (R?=0.20, P=0.093). Self-reported bendopnea
was not correlated with changes in PCWP both pre-
SNM (R°=0.06, P=0.379) and post-SNM (R°=0.08,
P=0.321). Hemoconcentration following exercise was
not correlated with changes in PCWP both pre-SNM
(R?=0.08, P=0.319) and post-SNM (R?<0.01, P=0.994)
(Figure E and F).
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Table 2. Invasive Hemodynamics and Cardiopulmonary Exercise Functional Parameters

Baseline Peak exercise
Pre-SNM Post-SNM P value Pre-SNM Post-SNM P value
Hemodynamics
MAP, mmHg 96.7+13.7 86.9+17.0 0.011 106.6+24.3 94+22.8 0.002
RAP, mmHg 13.8+4.0 8.4+4.1 <0.001 23.2+6.2 15.4£7.8 <0.001
mPAP, mmHg 40.5+12.3 32.7+13.8 <0.001 54.1+14.4 45.8+17.7 <0.001
PCWP, mmHg 28.3+7.6 20.3+9.5 <0.001 34.8+10.0 251+10.7 <0.001
SVR, dynes/s per cm= 1947+825 1523+602 <0.001 1189+631 895+312 0.108
Cl, L/min per m? 1.9+0.6 2.3+0.7 0.077 3.4+1.2 3.8+1.1 0.069
CPET parameters
Workload, W 33124 50+30 0.019
Exercise time, min 4:48+1:36 5:03+1:31 0.181
Peak VO,, mL/kg per min 9.1+2.5 9.8+2.7 0.053
VE/VCO, slope, % 37.1+7.6 35.1+6.0 0.067
RER 114013 1.08+0.11 0.081

Data are presented as mean+SD. Cl indicates cardiac index; CPET, cardiopulmonary exercise testing; mPAP, mean pulmonary artery pressure; PCWP,
pulmonary capillary wedge pressure; RAP, right atrial pressure; RER, respiratory exchange ratio; SNM, splanchnic nerve modulation; and SVR, systemic

vascular resistance.

DISCUSSION

In this study, we evaluated changes in surrogate meas-
ures of venous capacitance following SNM. The pri-
mary observations from this study are as follows: (1)
SNM resulted in more pronounced changes in SBP
from peak to trough during Valsalva maneuver (41 ver-
sus 48mmHaq). (2) Ultrasound-measured IVC diameter
was smaller post-SNM (1.6 versus 1.3cm) with higher
incidence of IVC collapsibility. (3) Self-reported ben-
dopnea rate was lower post-SNM (47% versus 13%).
(4) Hemoglobin level at peak exercise was lower post-
SNM (138.5 versus 13.2g/dL), but there was no differ-
ence in the degree of hemoconcentration after exercise
(0.6 versus 0.4g/dL).

Recent secondary analysis of SNM trials (Splanchnic
HF-1 and Splanchnic HF-2) provides a mechanistic in-
sight into physiological alteration following SNM in de-
compensated and ambulatory HF. SNM was shown to
reduce estimated stressed blood volume up to 0.5 L,
and the reduction in estimated stressed blood volume
was maintained throughout exercise.'® The feasibility of
permanent surgical SNM in HF with preserved ejection
fraction was also investigated (Surgical Resection of
the Greater Splanchnic Nerve in Subjects Having Heart
Failure With Preserved Ejection Fraction, ClinicalTrials.
gov NCT0371554). Permanent SNM reduced filling
pressure at rest and during exercise at 3months,
with associated improvement in functional status and
quality of life. Decreased venous capacitance with a
consequent increase in SBV has been proposed as
1 of the important mechanisms of cardiac filing pres-
sure elevations leading to HF decompensation®' and
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is believed to be the primary target of SNM in reliev-
ing congestion in the HF population. Our investigation
demonstrating changes in extracardiac parameters
as surrogates of splanchnic venous capacitance sup-
ports this hypothesis.

The Valsalva maneuver is a commonly used phys-
iological tool to assess autonomic function but can
also serve as a surrogate of central intravascular blood
volume (or SBV), cardiac filling pressures, and venous
capacitance.?°?3 During Phase |, intrathoracic pres-
sure rises, which transmits to the periphery and con-
sequently leads to increased arterial BP (ie, peak BP).
As straining continues, venous return that serves as
cardiac preload decreases and so does arterial BP.
This corresponds to early Phase Il, during which we
observe lowest arterial BP (ie, trough BP). A drop in
arterial BP (peak-trough) is inversely related to cen-
tral blood volume, where BP changes are more pro-
nounced in patients with low central blood volume.
Notably, post-SNM, patients experienced a higher
resting heart rate, lower SBP during early Phase Il, and
greater excursions in SBP from Phase | (peak) to early
Phase Il (trough) than pre-SNM. This indicates lower
central intravascular volume, with subsequent barore-
flex activation (higher heart rate) after SNM, and sup-
ports our hypothesis that SNM leads to redistribution
of blood into the splanchnic vascular compartment.
In other words, the reduction in sympathetic tone to
the splanchnic vascular compartment decreases car-
diac preload and allows for greater stress-(Valsalva)
induced pressure swings. A similar observation was
made after renal denervation, where the sole hemo-
dynamic alteration postsympathetic denervation was
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Table 3. Changes in Surrogates of Venous Capacitance

Splanchnic Nerve Modulation and Venous Capacitance

Pre-SNM Post-SNM LS-mean difference (95% CI) P value
BP changes during Valsalva maneuver
At rest
HR, bpm 7517 7917 0.042
SBP, mmHg 132417 128+16 0.201
DBP, mmHg 7714 72412 0.06
PP, mmHg 56+14 53+12 0.487
Phase |
SBP, mmHg 163+23 145+20 0.079
DBP, mmHg 95+21 89+22 0.104
PP, mmHg 56+15 58+15 0.441
Phase Il (early)
SBP, mmHg 112+18 98+27 0.006
DBP, mmHg 68+18 62+16 0.057
PP, mmHg 44+9 39+15 0179
Changes from Phase | (peak) to early Il (trough)
SBP, mmHg 4119 48417 7.87 (1.08 to 14.65) 0.025*
DBP, mmHg 28+22 27+16 —-0.33 (-11.90 to 11.24) 0.953*
PP, mmHg 12414 19421 6.54 (-2.88 to 15.96) 0.162*
IVC changes
IVC diameter (cm) at rest 1.6+0.6 1.3+0.6 0.034
IVC collapsibility (decrease >50% with inspiration) 5 (33%) 11 (73%) 0.014
IVC diameter/RAP at rest 0.12+0.04 0.17+0.06 0.007
Self-reported bendopnea 7 (47%) 2 (13%) 0.025
Hemoconcentration
Hemoglobin at rest, g/dL 12.9+1.5 12.8+1.4 0.250
Hemoglobin at peak exercise, g/dL 13.5+1.7 13.2+1.6 0.007
Hemoglobin changes after exercise, g/dL 0.6+0.4 0.4+0.4 -0.19 (-0.42 to 0.05) 0.115*

Data are presented as mean+SD. BP indicates blood pressure; bpm, beats per minute; DBP, diastolic blood pressure; HR, heart rate; IVC, inferior vena cava;
LS-mean, least-squares mean; PP, pulse pressure; RAP, right atrial pressure; SBP, systolic blood pressure; and SNM, splanchnic nerve modulation.

*P values calculated from repeated measures models.

a change in vascular compliance as measured by the
Valsalva maneuver and not office or ambulatory BP.?

IVC assessment with ultrasound is increasingly
used to monitor volume status in the setting of shock
or congestion.?® IVC dimension, particularly IVC area,
has been shown to correspond to changes in fluid sta-
tus.?® Degree of respirophasic changes in IVC size (ie,
IVC collapsibility) has also been demonstrated to in-
versely correlate with central venous pressure, which is
a surrogate for central intravascular volume.?” We ob-
served a smaller IVC diameter post-SNM. Additionally,
incidence of IVC collapsibility, defined as >50% de-
crease in IVC diameter with forceful inspiration, was
higher post-SNM. Both findings of IVC assessment
support the effect of SNM in reducing central intravas-
cular volume.

Bendopnea has been described as a sign of in-
creased filling pressure in patients with advanced HF.2®
As patients lean forward, intraabdominal pressure
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increases and, as a consequence, fluid returns from
intraabdominal (splanchnic) reservoir to the heart,
which further increases cardiac filing pressure and
precipitates symptoms in those whose filling pressure
is already high. SNM increased splanchnic venous ca-
pacitance, and thus in theory blunted fluid shifts with
forward bending, which explains the lower rate of ben-
dopnea post-SNM observed in this studly.
Physiologically, exercise results in hemoconcentra-
tion (increase in hemoglobin during exercise), which
can be observed in both healthy subjects and pa-
tients with HF. It was demonstrated that the degree
of hemoconcentration appeared to be less in patients
with HF (1.1+0.5g/dL versus 0.6+0.4 g/dL).?° Exercise-
induced hemoconcentration can be explained by 2
causes. First, with exercise, plasma volume shifts
from the intravascular space (within blood vessel) to
the extravascular compartment (interstitial space) as a
result of exercise-induced BP elevation and end-organ
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perfusion.®® Second, exercise activates the sympa- The spleen is a highly blood-rich organ, storing red

thetic nervous system, resulting in splanchnic vaso- blood cells at a higher hemoconcentration than the
constriction via the neuronal and hormonal pathway. remainder of the circulating blood.®" Sympathetic
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stimulation of the spleen leads to splenic vascular and
capsular contraction and expulsion of highly concen-
trated blood (autotransfusion), which leads to systemic
hemoconcentration.®? Hypothetically, SNM, which de-
creases splanchnic sympathetic outflow, should re-
sult in a smaller increase in hemoglobin level during
exercise and less hemoconcentration. In this study, we
observed a lower hemoglobin level at peak exercise
post-SNM. Although the degree of hemoconcentration
was less post-SNM, statistical significance was not
met. This finding was not entirely unforeseen because
the SNM only attenuates the sympathetic stimulation
component of exercise-induced hemoconcentration,
and this perhaps suggests that changes in hemoglo-
bin level during exercise might not be an ideal surro-
gate of venous capacitance.

Overall, our findings using various indirect measures
indicate a decrease in splanchnic venous capacitance
as a key physiological alteration following SNM. We did
a post-hoc analysis to evaluate correlation between
venous capacitance surrogates and changes in filling
pressures during exercise. We did not expect to see
a strong correlation between these variables as pres-
sures do not always correlate with volumes or volume
capacitances.®® From our analyses, we only observed
significant correlation between the IVC diameter and
IVC collapsibility with pressures post-SNM. Whether
SNM renders a stronger pressure-volume relationship
is possible and needs to be further investigated.

We believe our study has important clinical impli-
cations. Because SNM selectively affects splanchnic
vascular compliance (mostly venous system), we have
validated a battery of minimally invasive surrogate
measures pre- and post-SNM that would allow us to
assess vascular compliance. These measures could
be used as additional markers of successful SNM
or other interventions targeting venous capacitance.
Considering the minimal correlation between venous
capacitance and cardiac filing pressures as demon-
strated in our study, it is of great importance to deter-
mine the role of venous capacitance in place of or in
addition to commonly used filling pressures in clinical
practice. Interval monitoring of these minimally invasive
surrogates rather than invasively derived cardiac filling
pressures might also be helpful in determining mid- or
long-term treatment response and help guide further
intervention.

This study has several limitations. First, the study in-
tervention was unblinded and subject to unmeasured
bias. Despite our attempt to minimize the bias by using
blinded review of hemodynamics, and ultrasound pa-
rameters, the end point of bendopnea was still sus-
ceptible to bias. Second, modified Valsalva maneuver
was performed in 11 out of 15 patients. Although we
did the modified Valsalva training on all patients be-
fore the actual test, the Valsalva pressures could still
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vary and lead to difference in BP independent of the
intervention. Additionally, we modified the study inter-
vention from bilateral to unilateral SNM after the first 5
cases, which resulted in only 1 patient in the bilateral
SNM group having performed the Valsalva maneuver.
This limits our ability to compare effects of the Valsalva
maneuver between intervention groups. Nevertheless,
the intervention-specific analyses were derived from
a much smaller sample size and subject to being un-
derpowered. Third, the exercise protocol in this study
is more strenuous than those for a general HF popu-
lation, which might have led to shorter exercise time.
Furthermore, the exercise was repeated on the same
day post-SNM. Changes in parameters post-SNM
suggestive of decreased central intravascular volume
could have been partly due to prolonged fasting or
unrecognized effects of exercise. To minimize the ef-
fect of fasting on the above, the measurements were
repeated with a minimal delay in time following SNM,
or as in the case of bendopnea, patients were allowed
to hydrate/eat after the SNM in the recovery area, yet
the reduction in bendopnea was nevertheless present.
To further minimize this potential confounder, we used
a repeated measures model that accounted for dif-
ferences in baseline values when assessing changes
during exercise. Fourth, the reported parameters were
not direct measures of splanchnic venous capaci-
tance, although physiologically correlated. They are
inevitably affected by other factors such as changes
in total body volume or body habitus/positions. Finally,
besides the correlation between changes in venous
capacitance surrogates and filling pressures, we were
unable to assess the clinical significance of these ob-
served changes due to the temporary nature of the
intervention, which limits the assessment of mid- or
long-term clinical end points.

CONCLUSIONS

We highlight measures that could be used to test for
acute or chronic changes in (splanchnic) venous ca-
pacitance and serve as (objective) surrogate metrics
of technical/therapeutic success. The present study
shows that SNM resulted in greater changes in peak-
to-trough BP during the Valsalva maneuver, smaller
ultrasound-measured IVC diameter with higher inci-
dence of collapsibility, and less bendopnea. These
findings support that SNM led to increased venous
capacitance with associated decrease in cardiac
preload/SBV. Long-term effects of SNM on venous
capacitance warrant further investigation for the man-
agement of HF.
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Table S1. Changes in baseline hemodynamics and venous capacitance surrogates according to the

intervention.

Bilateral SNM (n=5)

Unilateral SNM (n=10)

Pre-SNM Post-SNM | P-value | Pre-SNM Post-SNM | P-value
Baseline Hemodynamics

e HR (BPM) 76 £ 13 86 + 22 0.118 56 + 12 56 + 11 0.914

e SBP (mmHg) 128 + 24 108 + 21 0.213 135+ 17 129 + 17 0.155

e DBP (mmHg) 72+9 58 +10 0.059 79 +13 73+12 0.047

e PP (mmHg) 56 + 20 50+ 15 0.524 56 +12 56 +11 0.914

e RA (mmHg) 12.0+5.9 6.2+5.3 0.005 14.7+2.7 99+29 0.001

e PCWP (mmHg) 22.6+4.4 12.6 +5.7 0.001 31.1+75 24.2+8.7 0.001
IVC Changes

e |VC diameter (cm) 1.5+0.5 1.1+0.79 0.066 1.6+0.6 1.4+0.5 0.187

e |VC collapsibility (decrease 3 (60%) 4 (80%) 0.37 2 (20%) 7 (70%) 0.015

>50% with inspiration)

e |VC diameter/RAP 0.14+0.04 | 0.21+0.07 | 0.083 | 0.11+0.04 | 0.15+0.05 0.058
Self-reported Bendopnea 1 (20%) 0 (0%) 0.374 6 (60%) 2 (20%) 0.037
Hemoconcentration

e Hb atrest (g/dL) 13.5+0.9 13.1+0.9 0.16 126+1.7 126+ 1.6 1.00

e Hb at peak exercise (g/dL) 139+1.1 135+1.0 0.087 13.3+ 2.0 13.1+1.8 0.056

e Hb changes after exercise 05+04 0.4+05 0.746* 0.7+0.5 05+04 0.019*

(g/dL)

Data are presented as mean £SD. Asterisk (*) indicates p-values calculated from repeated

measures models. BP: blood pressure; Hb: hemoglobin; HR: heart rate; IVC: inferior vena cava;

MAP: mean arterial pressure; PCWP: pulmonary capillary wedge pressure; PP: pulse pressure;

RA: right atrial pressure; SBP: systolic blood pressure; SNM: splanchnic nerve modulation.



Figure S1. Flow diagram of study protocol.
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Figure S2. Individual changes in blood pressure during the Valsalva maneuver.
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Figure S3. Least-Square means plots for changes in blood pressure during the Valsalva maneuver.

Least Square Means with 95% Cl from Mixed-Effects Model Least Square Means with 95% CI from Mixed-Effects Model
A Systelic Blood Pressure (mnmHg) B Diastolic Elood Pressure (mmHg)
160 4
— Pre-SNM 100 — Pre-SNM
151 (140, 161) - - Post-SNM - - Post-SNM
48 141, 155)
_ _ 527 (1.8, 104)
o © 505 (81.9.99.1)
2 1404 2 g0
in in
=1 o
£ £
H =
@ 3
£ Eow
= 120 B .
4 4
= N = 731,743
] Q. 102, 1 a 37 (72.8.746)
E \\ £
4} N e, e
1004 95.7 (86.9, 173] 64.9 (58.7,20"
631 [58.1, 68°%
604
T T T T T T
Baseline Peak Trough Baseline Peak Trough
Time Time
Pre-SNM 1239 128, 130) 151 (140, 161) 110 (102, 118) Pre-SNV! 73.7 (72.8, 74.6) 927 (81.8,104) 645 (587, 71.1)
PostSHNM 122 (128, 129) 148 (141, 155) 99.7 86.9.112) Post-SNM 737 (731, 74.3) 905 81.9,98.1) 631 B81,681)
Least Square Means with 95% Cl from Mixed-Effects Model
C Pulse Pressure (mmHg)
&0 — Pre-SNM
576 (524,629 -~ Post:SNM
AR — =
TEEIT
o
®
[Ta}
&
s 50
=
2
=
£
w
a ~
= ~
©
£ 40 388 |2s.3,ﬁ.s¢0
0
4
304 1
T T T
Baseline Peak Trough
Time
Pre-SNM  56.0 5.7, 56.3) 56.6 (52,6, 60.7) 44.4 391,498
Post-SNM 560 553.567) 576524, 629) 38.9 (293, 484)

A) systolic blood pressure, B) diastolic blood pressure, C) pulse pressure. Cl: confidence interval; LS: least
square; SNM: splanchnic nerve modulation.




Figure S4. Least-Square means plots for changes in hemoglobin levels during exercise.
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