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Heart failure with reduced ejection fraction (HFrEF) 
is characterized by increases in sympathetic out-

flow directed at the heart, kidneys, and skeletal muscle.1–6 
Mechanisms responsible for such activation have yet to be 
elucidated fully.
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The afferent autonomic disturbance now considered prin-
cipally responsible for eliciting increased efferent sympa-
thetic discharge to skeletal muscle in human HFrEF is the loss 
of its inhibition by cardiopulmonary reflexes arising from 
stretch-sensitive mechanoreceptors sited in ventricles, atria, 
and the pulmonary veins.1,7,8 The difficulty with this parsi-
monious interpretation, however, is that it discounts several 
lines of evidence signaling the emergence of a paradoxical 
cardiopulmonary sympathetic excitatory reflex elicited by 
one of heart failure’s fundamental hemodynamic perturba-
tions, an elevation in cardiac filling pressure. Individuals 

with HFrEF exhibit a positive, rather than an inverse cor-
relation between mean pulmonary artery pressure and either 
cardiac norepinephrine spillover5 or muscle sympathetic 
nerve activity (MSNA).4 Nonhypotensive lower body nega-
tive pressure (LBNP), a stimulus that reduces selectively 
cardiac filling pressure and, in healthy subjects, increases 
MSNA reflexively,9 causes a paradoxical reduction in car-
diac norepinephrine spillover in HFrEF.10 In experimental 
HFrEF, renal sympathetic activity also increases in response 
to atrial distension.11

Importantly, the interpretation of attenuated cardiopulmo-
nary reflex responsiveness in human HFrEF is predicated on 
the assumption that, within the conventionally measured mul-
tiunit MSNA envelope, all postganglionic sympathetic single 
units discharge concordantly. However, in recent experiments, 
single-unit MSNA recordings identified, in 5 of 8 healthy 
middle-aged men, 2 subpopulations of efferent postganglionic 
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fibers exhibiting opposite firing characteristics in response 
to acute changes in filling pressure without simultane-
ous effects on systemic blood pressure, stroke volume, or 
peripheral resistance, proving this supposition incorrect.12 
Of 21 single units identified, 16 exhibited classical antici-
pated sympathoinhibitory responses to elevations in central 
venous pressure induced by nonhypertensive lower body 
positive pressure (LBPP), whereas 5 responded with para-
doxical increases in firing. The behavior of each single unit 
identified was consistently anticipated or paradoxical when 
the opposite stimulus of nonhypotensive LBNP lowered  
filling pressure. The implication of this finding is that the 
conventional use of multiunit preparations to study neuro-
genic circulatory regulation may obscure the detection of 
concurrent excitatory cardiopulmonary-reflex modulation of 
MSNA if present in HFrEF. Yet to be determined is whether 
the relative proportion of single units exhibiting paradoxical 
excitatory responses to nonhypertensive LBPP is augmented 
in HFrEF.

The purpose of the present investigation was to compare 
cardiopulmonary reflex control of peripheral sympathetic 
outflow in HFrEF patients and healthy controls of similar 
age by studying single- and multiunit MSNA responses to 
nonhypotensive LBNP and nonhypertensive LBPP. Our pri-
mary hypothesis was that HFrEF patients would demonstrate 
a greater proportion of single units that respond to LBPP 
(ie, increased filling pressure) with increased firing rates, 
resulting in a less-than-anticipated attenuation of multiunit 
MSNA by this stimulus. If confirmed experimentally, this 
would represent the first direct microneurographic evidence 
for an augmented excitatory cardiopulmonary-MSNA reflex 
in human HFrEF.

Methods
Study Subjects
Eleven patients with diagnosed and treated HFrEF (left ventricular 
ejection fraction 25±6% [mean±standard deviation]; 10 men; 53±11 
years) and 14 healthy control subjects (11 men; 56±7 years) partici-
pated in this study. Excluded were patients with moderate or severe 
mitral regurgitation, Canadian Cardiovascular Society class III or IV 
angina, New York Heart Association class IV dyspnea, implanted 
cardiac resynchronization devices, autonomic neuropathy, diabetes 
mellitus, chronic kidney disease, body mass index >30 kg/m2, atrial 
fibrillation, and frequent premature ventricular contractions (>5% 
of total beats). Control subjects (data from 8 published as proof-of-
concept)12 were screened to ensure the absence of medication known 
to affect cardiovascular function. The Research Ethics Boards of the 
University Healthy Network and the Mount Sinai Hospital approved 
this protocol. Informed written consent was obtained from all 
participants.

General Procedures
Heart rate was acquired continuously from lead II of the ECG. 
Blood pressure was recorded continuously from a right hand digit 
(Portapres, Finapres Medical Systems B.V., The Netherlands) and at 
timed intervals by using an upper left arm cuff (Dinamap Pro 100, 
Critikon, Tampa, FL). Respiratory movement was tracked by a pneu-
mobelt connected to a pressure transducer. Central venous pressure 
was estimated (eCVP) in 9 control subjects and 6 HFrEF patients 
from a polyethylene catheter inserted in a suitable right antecubital 
vein.13 Echocardiography (Vivid 7, GE Healthcare, Pittsburgh, PA) 
was used to calculate left ventricular ejection fraction (Teichholz 

method) and stroke volume,14 permitting the determination of cardiac 
output and total peripheral resistance.

Postganglionic single- and multiunit MSNA was recorded simul-
taneously from the right fibular nerve with the use of previously 
reported methods.12,15 A high-impedance (10 mΩ) tungsten micro-
electrode (UNP35G0S; Frederick Haer, Brunswick, ME) was inserted 
percutaneously into a motor fascicle and then adjusted until spontane-
ous pulse-synchronous multifiber bursts of sympathetic activity were 
observed, and large unitary spike discharges could be easily separated 
from the background noise in the raw nerve recording.

Experimental Protocol
All studies were completed during a single-morning experimental 
session in a quiet, light- and temperature-controlled room follow-
ing 12- to 24-hour abstention from alcohol and caffeine. In HFrEF 
patients, diuretics (if prescribed) were withheld on the study morn-
ing; otherwise, all other medications were taken at usual times.

Subjects lay supine within a custom-built lower body tank sealed at 
the level of the iliac crest.12 The tank was constructed with a remov-
able side panel to access the right fibular nerve16,17 and a gauge to 
monitor the gradual adjustment, either positive or negative, of its 
internal pressure.

After a 15-minute rest interval, heart rate, blood pressure, MSNA, 
and eCVP were recorded over a 7-minute baseline, and echocardio-
graphic images were acquired. Next, LBNP was applied incremen-
tally over at least 30 seconds, maintained at –10 mm Hg for 7 minutes 
to reduce selectively eCVP (Figure 1, top), then gradually reversed. 
After the eCVP and blood pressure reequilibrated, values were 
recorded over a second 7-minute baseline. Next, LBPP was applied 
incrementally over at least 30 seconds, maintained at +10 mm Hg 
for 7 minutes to increase selectively eCVP (Figure 1, bottom), then 
gradually withdrawn.

Echocardiographic assessment of transmitral flow and stroke vol-
ume was performed before and during the last 3 minutes of both –10 
mm Hg LBNP and +10 mm Hg LBPP. In 5 HFrEF patients and 2 
control subjects, this sequence of LBNP and LBPP application was 
reversed.

Data Acquisition and Analysis
Continuously acquired data were digitized and stored simultaneously 
by both LabView (National Instruments, Austin TX) and Spike2 
(ver.5, Cambridge Electronics Design, Cambridge, UK).12 Signal out-
put to LabView was sampled at either 1000 Hz (ECG) or 200 Hz (all 
other signals with the exception of single-unit MSNA). Simultaneous 
output to Spike2 was sampled at either 12 000 Hz (single-unit MSNA) 
or 1000 Hz (all other signals).

Multiunit MSNA was calculated as burst frequency (bursts/min) 
and burst incidence (bursts/100 heartbeats). Up to 3 single units were 
detected in each subject. In brief, candidate single units were selected 
by isolating large identifiable unitary spikes in the raw neurogram 
within a distinct discharge amplitude range. Confirmation that these 
action potentials originated from a single fiber were made by estab-
lished criteria: spike synchronization with a multiunit burst; triphasic 
spike morphology with the main phase being negative; and super-
imposition of candidate action potentials with minimal variation.12,15 
Single-unit MSNA was calculated as spike frequency (spikes/min) 
and spike incidence (spikes/100 heartbeats). Single-unit responses 
were identified as anticipated, if spike frequency increased with 
LBNP or decreased with LBPP, and paradoxical, if such single-unit 
discharge decreased with LBNP or increased with LBPP.

Statistical Analysis
Values are presented as mean±standard deviation. Baseline charac-
teristics of subjects with and without HFrEF were compared by using 
unpaired t tests. The primary hypothesis was tested by comparing the 
proportion of expected versus observed single-unit MSNA responses 
in HFrEF and control subjects by using a 2 × 2 contingency table 
and Fisher exact test. Prior identification, in healthy individuals, of 
single units within the multifiber preparation exhibiting qualitatively 
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Figure 1. Top, Representative tracing from 1 patient with heart failure acquired before and during nonhypertensive lower body negative 
pressure (LBNP; –10 mm Hg). A, Typical recording of single- and multiunit MSNA, arterial and estimated central venous pressure 
(eCVP), and electrocardiogram. Unit 1 is paradoxical, whereas units 2 and 3 exhibit anticipated responses to LBNP. B, Identified 
single units superimposed. Bottom, Representative tracing from 1 patient with heart failure (same as Top) acquired before and during 
nonhypertensive lower body positive pressure (LBPP; +10 mm Hg). A, Typical recording of single- and multiunit MSNA, arterial and 
estimated central venous pressure (eCVP), and electrocardiogram. All units exhibit paradoxical responses to LBPP. B, Identified single 
units superimposed. A.U. indicates arbitrary units; and MSNA, muscle sympathetic nerve activity.
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different discharge properties in response to the same stimulus12 
indicates the independence of single-unit behavior within the same 
subject. Nonetheless, to account for the possibility of the clustering 
of anticipated or paradoxical firing responses within an individual, 
a generalized estimating equation regression model was also used 
to estimate the relative increase in the proportion of fibers exhibit-
ing paradoxical firing between the heart failure and healthy control 
groups. The log-binomial generalized estimating equation model 
used an exchangeable correlation structure.

Secondary hypotheses concerning within-group multiunit 
and single-unit responses to each independent intervention 

(LBNP, LBPP) were evaluated by Wilcoxon signed rank tests. 
Echocardiographic data were analyzed within each group 
(HFrEF, control) for condition (baseline, LBNP, LBPP) by using 
a Freidman repeated-measures analysis of variance on ranks. 
Differences between groups were tested using Mann-Whitney 
rank sum tests. Multi- and single-unit MSNA responses to LBNP 
or LBPP in heart failure and control subjects were compared by 
using a 2-way repeated-measures analysis of variance to deter-
mine main group (HFrEF, control) and condition (baseline, stimu-
lus) effects and their interaction (group × condition). Bonferroni 
post hoc tests were applied to establish pairwise differences for 
any significant interaction effects. All data were analyzed with the 
use of SigmaPlot for Windows (version 10.0; Systat Software Inc, 
Richmond, CA). An α-level of ≤0.05 was considered statistically 
significant.

Table 2. Effects of Lower Body Negative and Positive 
Pressure on Hemodynamic Variables Estimated by Doppler 
Echocardiography

Baseline LBNP LBPP

Control

  Stroke volume, mL 93±16 93±16 95±18

  Cardiac output, L/min 5.6±1.5 5.7±1.5 5.7±1.5

  Total peripheral resistance, dyn∙s/cm5 1392±334 1379±298 1398±289

HF

  Stroke volume, mL 74±17† 73±15† 75±16†

  Cardiac output, L/min 5.3±1.6 5.3±1.2 5.3±1.5

  Total peripheral resistance, dyn∙s/cm5 1352±436 1306±355 1342±419

Values presented as mean±SD. HF indicates heart failure; LBNP, lower 
body negative pressure; LBPP, lower body positive pressure; and SD, standard 
deviation.

†P≤0.01 vs controls.

Table 3. Effects of Lower Body Negative Pressure and 
Positive Pressure on Hemodynamics and Muscle Sympathetic 
Nerve Activity in Healthy Controls

Baseline LBNP Baseline LBPP

Hemodynamic variable

  Heart rate, bpm 60±10 60±10 59±10 60±8

  Central venous pressure, 
mm Hg

3.1±2.7 1.4±2.9† 3.0±2.7 4.6±2.8†

  Systolic blood pressure, 
mm Hg

125±11 126±11 126±11 127±9

  Diastolic blood pressure, 
mm Hg

73±10 72±10 73±9 74±9

  Mean arterial pressure, 
mm Hg

90±10 90±10 91±9 92±8

Multiunit MSNA

  Burst frequency, bursts/
min

32±16 38±15‡ 32±16 30±16*

  Burst incidence, 
bursts/100 hb

54±23 63±22‡ 54±25 49±23

Single-unit MSNA

  Number of fibers 32 32 30 30

  Spike frequency, spikes/
min

27±17 43±23‡ 29±17 25±16*

  Spike incidence, 
spikes/100 hb

46±33 70±40‡ 48±32 41±27*

Units with anticipated responses

  Number of fibers 27 27 24 24

  Number of subjects 14 14 14 14

  Spike frequency, spikes/
min

28±18 47±22‡ 31±18 24±17‡

  Spike incidence, 
spikes/100 hb

48±35 78±39‡ 52±34 40±27‡

Units with paradoxical responses

  Number of fibers 5 5 6 6

  Number of subjects 5 5 6 6

  Spike frequency, spikes/
min

22±12 19±12 20±12 28±15*

  Spike incidence, 
spikes/100 hb

36±18 30±20 32±19 46±26*

Values presented as mean±SD. hb indicates heartbeats; LBNP, lower 
body negative pressure; LBPP, lower body positive pressure; MSNA, muscle 
sympathetic nerve activity; and SD, standard deviation.

 *P≤0.05; †P≤0.01; ‡P<0.001 compared with baseline. 

Table 1. Baseline Characteristics

Control HF

n=14 n=11

Age, y 56±7 53±11

Male/female 11/3 10/1

Left ventricular ejection fraction, % 66±8 25±6†

Heart rate, bpm 59±10 71±13

Estimated central venous pressure, mm Hg 3.1±2.7 5.8±2.6*

Systolic blood pressure, mm Hg 126±11 108±11†

Diastolic blood pressure, mm Hg 72±9 69±7

Mean arterial pressure, mm Hg 90±9 82±8*

MSNA, bursts/min 32±16 55±20†

MSNA, bursts/100 heart cycles 54±24 73±18*

Therapy

  β-blockade – 10

  ACE inhibitor – 9

  Angiotensin-receptor blocker – 1

  Calcium-channel blocker – 1

  Vasodilator – 3

  Statin 1 7

  Loop diuretic – 7

  Mineralocorticoid receptor antagonist – 7

  Digoxin – 2

Upper panel values presented as mean±SD. ACE indicates angiotensin-
converting enzyme; HF, heart failure; MSNA, muscle sympathetic nerve activity; 
and SD, standard deviation.

*P≤0.05; †P≤0.01 vs healthy controls.
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Results
In comparison with healthy controls of similar age, under base-
line conditions, HFrEF patients had higher eCVPs (P<0.05) 
and multiunit MSNA burst frequency (P<0.01) and incidence 
(P<0.05), and lower systolic (P<0.01) and mean arterial pres-
sure (P<0.05; Table 1).

In both groups, –10 mm Hg LBNP lowered eCVP and 
+10 mm Hg LBPP increased eCVP without affecting blood 
pressure, heart rate, stroke volume, cardiac output, or total 
peripheral resistance (Tables 2 through 4). The relative 
change in eCVP between controls and HFrEF was similar 
during LBNP (P=0.77) and LBPP (P=0.17). The interro-
gation of transmitral flow during LBPP did not detect any 
change in the E relative to the A wave, or any new or worsen-
ing mitral regurgitation.

In healthy control subjects, nonhypotensive LBNP, 
as expected, increased multiunit MSNA burst frequency 
(P<0.001) and incidence (P<0.001; Table 3). Thirty-two 
single units were identified. Overall, LBNP increased spike 
frequency (P<0.001) and incidence (P<0.001; Table 3). Of 
these single units, 27 or 84% exhibited an anticipated increase 
in spike frequency (P<0.001) and incidence (P<0.001). 
Conversely, 5 or 16% of the single units discharged paradoxi-
cally, each with a decrease in spike frequency and incidence 
(both P=0.063).

Nonhypertensive LBPP, as expected, decreased multiunit 
MSNA burst frequency (P<0.05) and incidence (P=0.064; 
Table 3). Thirty single units were identified. Overall, LBPP 
decreased spike frequency (P<0.05) and incidence (P<0.05; 
Table 3). Of these single units, 24 or 80% exhibited an antici-
pated decrease in spike frequency (P<0.001) and incidence 
(P<0.001). Conversely, 6 or 20% of the single units dis-
charged paradoxically increasing spike frequency (P<0.05) 
and incidence (P<0.05). Of these units displaying paradoxi-
cal discharge, 5 fired also paradoxically when LBNP was 
applied. With respect to the sixth unit, we could not confirm 
with certainty corresponding firing data for LBNP, because 
the effect of LBPP displaced the microelectrode, which then 
was repositioned to obtain a new baseline and LBPP response.

As in the control group, in HFrEF subjects, nonhypoten-
sive LBNP, as expected, increased multiunit MSNA burst 
frequency (P<0.05) and incidence (P=0.05; Table 4). Twenty-
five single units were identified. Overall, and in contrast to the 
significant increases in control subjects, LBNP did not change 
spike frequency (P=0.16) or incidence (P=0.29; Table 4). The 
magnitude of spike frequency and incidence responses in the 
HFrEF population were less than in the control group (both 
P<0.05). Of these single units, 18 or 72% exhibited an antici-
pated increase in spike frequency (P<0.001) and incidence 
(P<0.001). Conversely, 7 or 28% of the units discharged 
paradoxically with a decrease in spike frequency (P<0.05) 
and incidence (P<0.05). The proportion of single units dem-
onstrating anticipated excitatory and paradoxical inhibitory 
responses to nonhypotensive LBNP was similar between the 
HFrEF cohort and controls (P>0.05; Figure 2).

In contrast to the reduction in multiunit MSNA docu-
mented in controls, in HFrEF subjects, nonhypertensive 
LBPP did not change multiunit MSNA burst frequency 
(P=0.28) or incidence (P=0.24; Table 4). Consequently, 
there was a between-cohort difference in these responses 
(both P<0.05), a finding observed also for total inte-
grated multiunit MSNA activity. Twenty-five single units 
were identified. Overall, LBPP increased mean spike 
frequency (P<0.05) and incidence (P<0.05; Table 4). By 
contrast, in the control group, mean spike frequency and 
incidence decreased significantly (Table 3). As a result, 
there was a between-cohort difference in these responses 
(both P<0.05) to this stimulus. Of these single units, 7 
or 28% exhibited an anticipated decrease in spike fre-
quency (P<0.05) and incidence (P<0.05). Conversely, 18 
or 72% of the units discharged paradoxically, resulting in 
an increase in spike frequency (P<0.001) and incidence 
(P<0.001). The proportion of single units demonstrating 
a paradoxical firing increase in response to LBPP was 

Table 4. Effects of Lower Body Negative Pressure and 
Positive Pressure on Hemodynamics and Muscle Sympathetic 
Nerve Activity in Patients With Heart Failure

Baseline LBNP Baseline LBPP

Hemodynamic variable

  Heart rate, bpm 71±18 72±12 67±12 69±14

  Central venous pressure, 
mm Hg

6.5±1.9 4.3±1.3* 6.4±1.9 8.9±1.3*

  Systolic blood pressure, 
mm Hg

110±11 109±12 109±11 110±12

  Diastolic blood pressure, 
mm Hg

67±6 67±6 67±5 67±6

  Mean arterial pressure, 
mm Hg

82±8 81±8 81±7 81±7

Multiunit MSNA

  Burst frequency, bursts/min 55±20 59±17† 54±20§ 57±22§

  Burst incidence, bursts/100 
hb

73±18 79±17* 72±18 76±20§

Single-unit MSNA

  Number of fibers 25 25 25 25

  Spike frequency, spikes/min 35±15 39±23 34±13 44±24*§

  Spike incidence, spikes/100 
hb

52±28 58±35 52±25 62±34*§

Units with anticipated responses

  Number of fibers 18 18 7 7

  Number of subjects 9 9 3 3

  Spike frequency, spikes/min 35±16 48±21‡ 32±19 21±23*

  Spike incidence, spikes/100 
hb

54±30 70±32‡ 54±36 36±41*

Units with paradoxical responses

  Number of fibers 7 7 18 18

  Number of subjects 3 3 8 8

  Spike frequency, spikes/min 35±14 17±9* 35±10 53±18‡

  Spike incidence, spikes/100 
hb

49±21 24±13* 51±19 74±24‡

Values presented as mean±SD. hb indicates heartbeats; LBNP, lower 
body negative pressure; LBPP, lower body positive pressure; MSNA, muscle 
sympathetic nerve activity; and SD, standard deviation.

*P≤0.05; †P≤0.01; ‡P<0.001 compared with baseline. 
§P<0.05 compared with controls at the same time point. 
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greater in the HFrEF cohort than in control subjects (and, 
by default, the proportion demonstrating an anticipated 
decrease in firing in response to LBPP less in the HFrEF 
cohort than in control subjects; P=0.0001, using Fisher 
exact test; Figure 2). The generalized estimating equation 
analysis yielded concordant findings. With LBNP, there 
was a nonstatistically significant relative increase of par-
adoxical firing in heart failure of 1.7 (95% confidence 
interval, 0.50–5.7; P=0.40). With LBPP, the relative 
increase was larger and statistically significant at a value 
of 3.67 (95% confidence interval, 1.9–7.1; P<0.0001). Of 
these paradoxical discharging single units, 1 was detected 
during LBNP alone, 6 during both LBNP and LBPP, and 
12 during LBPP alone (ie, they discharged appropriately 
during LBNP; Figure 3).

Discussion
The present experiments add to our current understanding 
of afferent neural mechanisms contributing to the increase 
in efferent muscle sympathetic nerve traffic documented in 
HFrEF in several novel and important respects.1 The prin-
cipal finding was that, in HFrEF patients, compared with 
healthy subjects of a similar age, a significantly greater 
proportion of single units within the multiunit MSNA 
preparation discharged paradoxically in response to the 
acute stimulation of cardiopulmonary mechanoreceptors by 
LBPP. Second, as a consequence, the net multiunit response 
to nonhypertensive LBPP differed significantly between 
control subjects, who exhibited a significant decrease in 
MSNA, as anticipated, and HFrEF subjects, who did not. In 
6 of these 11 HFrEF subjects, multiunit MSNA increased 
during LBPP, indicating a paradoxical cardiopulmonary 

reflex sympathetic excitatory response to an acute increase 
in filling pressure. Third, this proportionate population 
difference with respect to single-unit discharge proper-
ties was specific to the stimulus of nonhypertensive LBPP. 
When nonhypotensive LBNP was applied to unload car-
diopulmonary mechanoreceptors, the proportion of antici-
pated and paradoxical single units contributing to the net 
MSNA response was similar in these 2 cohorts. Finally, and 
intriguingly, these experiments provide the first evidence, 
to our knowledge, for the existence in human HFrEF of a 

Figure 3. Mean single-unit discharge characteristics of 8 fibers 
demonstrating a U-shaped discharge pattern acquired from 4 
patients who have heart failure with simultaneous estimated 
central venous pressure measurements. The solid line represents 
the LBNP condition, and the dashed line represents the LBPP 
intervention. LBNP indicates lower body negative pressure; and 
LBPP, lower body positive pressure.

Figure 2. Number of identified anticipated and paradoxical single units in healthy control subjects and patients with heart failure in 
response to nonhypotensive lower body negative pressure (LBNP; –10 mm Hg) and nonhypertensive lower body positive pressure (LBPP; 
+10 mm Hg) with P values for proportion of anticipated:paradoxical responses observed in patients with heart failure in comparison with 
healthy controls. 
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single-unit population exhibiting U-shaped discharge char-
acteristics in response to selective changes in filling pres-
sure elicited by these 2 interventions (Figure 3). In HFrEF 
subjects, 12 or 48% of the single units identified exhibited 
paradoxical firing only in response to LBPP; their discharge 
in response to nonhypotensive LBNP was appropriate. 
Integration within the mean voltage neurogram of single 
units exhibiting both appropriate inhibition and paradoxi-
cal excitation would account for the attenuated gain of the 
multiunit MSNA cardiopulmonary reflex response to LBPP 
and the previously documented loss of reflexive multiunit 
sympathoexcitation during LBNP.8 As well, such summa-
tion illuminates why elevations in cardiac norepinephrine 
spillover in mild to moderate HFrEF are not accompanied 
by parallel increases in multiunit MSNA.6

With the weight of evidence arguing for preserved arte-
rial baroreflex regulation of MSNA in human HFrEF,1 
attention has focused on the loss of its cardiopulmonary 
reflex inhibition as the principal afferent abnormality aris-
ing in this condition. Cardiopulmonary mechanoreceptors 
can be stimulated or unloaded selectively if lower body 
pressure is applied or reduced gently at low levels (±5–10 
mm Hg) that modify venous return without engaging the 
arterial baroreflex by altering simultaneously systemic 
blood pressure, cardiac output, or stroke volume (as con-
firmed in Table 2).8,12 Before the introduction of contem-
porary HFrEF drug therapy, Dunlap et al8 reported marked 
attenuation of the multiunit MSNA response to nonhypo-
tensive LBNP in HFrEF patients relative to healthy control 
subjects. This finding, which assumes that, within the mul-
tiunit envelope, all postganglionic sympathetic neurons 
respond uniformly to an acute change in filling pressure, 
was interpreted as indicating impaired cardiopulmonary 
reflex sympathoinhibition.7,8

However, in experimental preparations, efferent sympa-
thetic nerves, such as those innervating the kidney, have been 

shown to incorporate subpopulations that respond discretely 
to different afferent stimuli18–20; postganglionic sympathetic 
efferent fibers supplying the heart, kidneys, skin, and muscle 
can be categorized into 2 distinct types based on opposite 
discharge patterns to reflex input.21 In 5 of 8 healthy middle-
aged subjects, we identified 2 single-unit MSNA populations 
that responded oppositely to both nonhypotensive LBNP and 
nonhypertensive LBPP,12 raising the concern that a dissimilar 
proportion, in HFrEF and healthy subjects, of such single-unit 
populations with distinct firing properties would confound 
any interpretation of between-condition differences in multi-
unit MSNA. The present findings provide the first definitive 
evidence that the attenuated gain of cardiopulmonary reflex 
regulation of multiunit MSNA documented in HFrEF results 
in part from the summation of reflex discharge from single 
units exhibiting directionally opposite responses to the identi-
cal mechanical stimulus.

The term cardiopulmonary receptor refers to a diverse 
population of afferent nerve endings with respect to anatomic 
distribution and neural response initiated.22,23 The classic or 
anticipated cardiopulmonary reflex response (ie, reflex sym-
pathoinhibition elicited by increased cardiac filling pressure, 
governed primarily by stimulation of unmyelinated vagal 
afferents located mainly in the left ventricle) is presumed to 
normally predominate. However, cardiac myelinated vagal 
afferents located primarily at venoatrial junctions elicit para-
doxical reflex cardiac and peripheral sympathetic excitation 
when stimulated by similar mechanical stretch.22 Discharge 
of such cardiac myelinated vagal afferents is augmented 
if intravascular24 or atrial25 volumes increase, as in HFrEF. 
Cardiac unmyelinated and myelinated sympathetic affer-
ents found primarily within the left ventricle26 also respond 
to both mechanical stretch and chemical stimuli by eliciting 
sympathoexcitation.27–29

Twelve or 48% of the single units recorded from HFrEF 
subjects displayed U-shaped firing characteristics (see the 

Figure 4. Conceptual schematic illustrating the emergence of paradoxical sympathetic reflex activation in human heart failure with 
reduced ejection fraction (HFrEF). In healthy control subjects (Normal) with normal atrial pressure (Patrial), an increase in Patrial within 
the normal range (↑) elicits a reflex (–) inhibition of firing (1 single-unit spike) in 80% of efferent single units identified, but a reflex (+) 
increase in spike frequency (3 single-unit spikes) in 20% of identified single units. The integrated multiunit (MSNA) consequence 
is sympathoinhibition. In HFrEF with elevated Patrial, a further increase in Patrial (↑↑) stimulates a population of normally quiescent 
sympathoexcitatory (+) mechanoreceptors (thicker line), whereas the gain of the sympathoinhibitory cardiopulmonary reflex (–) is impaired 
(thinner line). In the present series, lower body positive pressure elicited reflex inhibition of efferent spikes (1 single-unit spike) in only 28% 
of single units identified; in the remaining 72%, spike frequency increased (3 single-unit spikes). The mean integrated multiunit (MSNA) 
response differed significantly from control subjects as a consequence of the loss of sympathoinhibition or in some HFrEF subjects, net 
sympathoexcitation. MSNA indicates muscle sympathetic nerve activity.
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anticipated unit 2 and 3 with LBNP in Figure 1 [top] and par-
adoxical unit 2 and 3 with LBPP in Figure 1 [bottom] from 
the same HFrEF subject). Although this observation was 
not anticipated, it is known that low-threshold C-tactile skin 
mechanoreceptors respond in a similar U-shaped discharge 
pattern to brush stroking.30 If these 12 U-firing single units 
were extracted from the aggregate data, the ratio of antici-
pated to paradoxical responses to LBPP would be similar 
between HFrEF patients and controls. Further investigation 
is required to determine whether this novel discharge pat-
tern represents the functional emergence of a specific popu-
lation of cardiopulmonary mechanoreceptors with a higher 
pressure operating point and unique firing characteristics, or 
results (in the HFrEF cohort only) perhaps from stimulation 
of extrathoracic mechanoreceptors31–33 by the rostral volume 
shift induced by LBPP.

Our novel finding of increased single-unit spike frequency 
and incidence in response to nonhypertensive LBPP in 
HFrEF provides direct microneurographic evidence for the 
existence of a sympathoexcitatory reflex activated prefer-
entially by an increase in cardiac filling pressure (Figure 4) 
and provides fresh insight into the resolution of several 
hitherto difficult to explain observations in human HFrEF: 
forearm vasoconstriction with acute volume expansion34; 
paradoxical positive correlations between filling pressures 
and efferent sympathetic activity, plasma norepinephrine, or 
multiunit MSNA3–5; and acute forearm vasodilation35 and a 
reduction in cardiac norepinephrine spillover10 with nonhy-
potensive LBNP.

Although the functional significance of this sympatho-
excitatory cardiopulmonary reflex on vasoconstrictor tone 
and limb blood flow in individuals with HFrEF requires fur-
ther investigation, from the clinical perspective, recognition 
of the predominance of paradoxical single units suggests 
gradual normalization of cardiac filling pressure as 1 means 
of restoring autonomic balance and improving the clinical 
course of such patients. Stimulation of such single units by 
high filling pressure could provoke sympathetically medi-
ated reductions in venous capacitance, a potential mecha-
nism for acute decompensation.36 Activation of this reflex 
during dynamic exercise, when central venous pressure is 
increased, may contribute to reflex neurogenic vasoconstric-
tion; multiunit MSNA recorded during 1-legged cycling 
relates inversely with maximal exercise capacity.37 Single 
units discharging paradoxically in response to LBPP were 
detected in only 8 of the 11 HFrEF patients. Whether the 
presence or absence of such units reflects between-subject 
differences with respect to atrial hemodynamics, mechan-
ics, or histology; the etiology of heart failure; responsive-
ness to specific therapies; or prognosis are hypotheses for 
future consideration.

We acknowledge several limitations. Our HFrEF popula-
tion was not, on average, volume overloaded, and received 
optimal medical therapy, including β-adrenoceptor antago-
nism. This class has no chronic effect on multiunit MSNA 
in HFrEF,38 but the majority of subjects were receiving also 
angiotensin-converting enzyme inhibition that has been 
shown in HFrEF to lower multiunit burst incidence and 
to improve the sensitivity of the cardiopulmonary reflex 

multiunit MSNA responses to LBNP.8 Consequently, the 
present findings may underestimate the magnitude of differ-
ences characteristic of the untreated HFrEF state. Because 
of patient and recruitment considerations, our independent 
variable was eCVP, not pulmonary capillary wedge pres-
sure. However, in a previous nonhypotensive LBNP study 
from our laboratory involving similar HFrEF patients also 
without significant mitral regurgitation, changes in right 
atrial pressure correlated tightly with simultaneously mea-
sured pulmonary capillary wedge pressure.10 Owing to our 
relatively small sample size, single- and multiunit MSNA 
responses were analyzed conservatively by using nonpara-
metric statistics. We did not determine the specific anatomic 
location of mechanoreceptors eliciting these paradoxi-
cal responses, but presume these to be myelinated vagal 
afferents situated at the venoatrial junctions22 stretched by 
changes in local pressure or volume. Our experimental inter-
vention has been applied extensively as a stimulus selec-
tive to the cardiopulmonary baroreflex (notably more so in 
younger subjects than in the present middle-aged healthy 
volunteers less prone to changes in stroke volume or blood 
pressure).8–10,12,17 However, the possibility that changes in 
venous pressure also stimulated or unloaded sympathoex-
citatory mechanoreceptors located in the peripheral venous 
circulation31,32 or (as suggested by data from a few healthy 
subjects exposed to substantially higher positive pressure) 
the abdomen cannot be excluded.33 Regardless, the pres-
ent observations during LBPP demonstrate the existence in 
HFrEF of a unique venous volume or pressure-dependent 
sympathetic excitatory reflex. Finally, subtle movement in 
the microelectrode position between interventions could 
have led to recording from an anticipated single unit during 
LBNP and a paradoxical single unit during LBPP. Although 
we cannot discount this possibility, we consider it unlikely 
for 2 reasons. First, during all recordings, we monitored the 
raw neurogram both audibly and visually. If baseline volt-
age changed, both interventions were repeated. Second, the 
U-shaped firing was identified only in HFrEF patients (6 
of 11), but not in any of the 14 control subjects. Because 
only a few fibers can be identified with this method within 
a single session, we are unable to ascertain precisely the 
general prevalence of each single-unit population in either 
HFrEF patients or in control subjects of similar age and sex. 
However, the present data should provide confidence that 
the true proportion of single units responding paradoxically 
in response to increased preload is indeed greater in the 
population with heart failure.

Conclusions
In HFrEF, in comparison with healthy control subjects, acute 
increases in central venous pressure induced by nonhyperten-
sive LBPP cause a greater proportion of 2 distinct populations 
of efferent muscle sympathetic vasoconstrictor single units 
to paradoxically increase firing frequency. A discrete popula-
tion, evident only in HFrEF patients, exhibits U-shaped fir-
ing properties, with discharge intensifying in response to both 
increases and decreases in filling pressure. Paradoxical sym-
pathetic activation in response to increasing filling pressure 
may contribute to the autonomic disturbances of heart failure 
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with reduced ejection fraction and provides a mechanism to 
explain previous findings of impaired cardiopulmonary con-
trol of peripheral sympathetic activity.1,7,8 Because increased 
MSNA is associated with premature mortality,39 this first dem-
onstration in human HFrEF of an augmented sympathoexcit-
atory cardiac-skeletal muscle vasoconstrictor reflex represents 
a novel mechanism for sympathoexcitation and provides a 
potential target for therapy.

Sources of Funding 
The present experiments were funded by an award from the Heart and 
Stroke Foundation of Ontario (SPEC 6580). Dr Millar was supported 
by a Canadian Institutes of Health Research Postdoctoral Fellowship. 
Dr Murai was supported by a Bluma Appel International Fellowship 
of the Mount Sinai Hospital Department of Medicine, Toronto, and 
by the Heart and Stroke Foundation of Ontario (SPEC 6580). Dr 
Floras holds the Canada Research Chair in Integrative Cardiovascular 
Biology.

Disclosures 
None.

References
 1. Floras JS. Sympathetic nervous system activation in human heart fail-

ure: clinical implications of an updated model. J Am Coll Cardiol. 
2009;54:375–385. doi: 10.1016/j.jacc.2009.03.061.

 2. Hasking GJ, Esler MD, Jennings GL, Burton D, Johns JA, Korner PI. 
Norepinephrine spillover to plasma in patients with congestive heart fail-
ure: evidence of increased overall and cardiorenal sympathetic nervous 
activity. Circulation. 1986;73:615–621.

 3. Leimbach WN Jr, Wallin BG, Victor RG, Aylward PE, Sundlöf G, 
Mark AL. Direct evidence from intraneural recordings for increased 
central sympathetic outflow in patients with heart failure. Circulation. 
1986;73:913–919.

 4. Ferguson DW, Berg WJ, Sanders JS. Clinical and hemodynamic correlates 
of sympathetic nerve activity in normal humans and patients with heart 
failure: evidence from direct microneurographic recordings. J Am Coll 
Cardiol. 1990;16:1125–1134.

 5. Kaye DM, Lambert GW, Lefkovits J, Morris M, Jennings G, Esler MD. 
Neurochemical evidence of cardiac sympathetic activation and increased 
central nervous system norepinephrine turnover in severe congestive heart 
failure. J Am Coll Cardiol. 1994;23:570–578.

 6. Rundqvist B, Elam M, Bergmann-Sverrisdottir Y, Eisenhofer G, Friberg 
P. Increased cardiac adrenergic drive precedes generalized sympathetic 
activation in human heart failure. Circulation. 1997;95:169–175.

 7. Dibner-Dunlap ME, Thames MD. Control of sympathetic nerve activ-
ity by vagal mechanoreflexes is blunted in heart failure. Circulation. 
1992;86:1929–1934.

 8. Dibner-Dunlap ME, Smith ML, Kinugawa T, Thames MD. Enalaprilat 
augments arterial and cardiopulmonary baroreflex control of sympa-
thetic nerve activity in patients with heart failure. J Am Coll Cardiol. 
1996;27:358–364.

 9. Abramson BL, Ando S, Notarius CF, Rongen GA, Floras JS. Effect of 
atrial natriuretic peptide on muscle sympathetic activity and its reflex con-
trol in human heart failure. Circulation. 1999;99:1810–1815.

 10. Azevedo ER, Newton GE, Floras JS, Parker JD. Reducing cardiac fill-
ing pressure lowers norepinephrine spillover in patients with chronic heart 
failure. Circulation. 2000;101:2053–2059.

 11. Zucker IH, Gorman AJ, Cornish KG, Lang M. Imparied atrial receptor 
modulation or renal nerve activity in dogs with chronic volume overload. 
Cardiovasc Res. 1985;19:411–418.

 12. Millar PJ, Murai H, Morris BL, Floras JS. Microneurographic evidence in 
healthy middle-aged humans for a sympathoexcitatory reflex activated by 
atrial pressure. Am J Physiol Heart Circ Physiol. 2013;305:H931–H938. 
doi: 10.1152/ajpheart.00375.2013.

 13. Amar D, Melendez JA, Zhang H, Dobres C, Leung DH, Padilla RE. 
Correlation of peripheral venous pressure and central venous pressure 
in surgical patients. J Cardiothorac Vasc Anesth. 2001;15:40–43. doi: 
10.1053/jcan.2001.20271.

 14. Floras JS, Hara K. Sympathoneural and haemodynamic characteris-
tics of young subjects with mild essential hypertension. J Hypertens. 
1993;11:647–655.

 15. Murai H, Takata S, Maruyama M, Nakano M, Kobayashi D, Otowa K, 
Takamura M, Yuasa T, Sakagami S, Kaneko S. The activity of a single 
muscle sympathetic vasoconstrictor nerve unit is affected by physi-
ological stress in humans. Am J Physiol Heart Circ Physiol. 2006;290: 
H853–H860. doi: 10.1152/ajpheart.00184.2005.

 16. Floras JS. Sympathoinhibitory effects of atrial natriuretic factor in normal 
humans. Circulation. 1990;81:1860–1873.

 17. Floras JS, Butler GC, Ando SI, Brooks SC, Pollard MJ, Picton P. 
Differential sympathetic nerve and heart rate spectral effects of nonhy-
potensive lower body negative pressure. Am J Physiol Regul Integr Comp 
Physiol. 2001;281:R468–R475.

 18. Kidd C, Linden RJ, Scott EM. Reflex responses of single renal sympa-
thetic fibres to stimulation of atrial receptors and carotid baro- and chemo-
receptors. Q J Exp Physiol. 1981;66:311–320.

 19. DiBona GF, Sawin LL, Jones SY. Differentiated sympathetic neural con-
trol of the kidney. Am J Physiol. 1996;271:84–90.

 20. DiBona GF, Sawin LL. Renal hemodynamic effects of activation of spe-
cific renal sympathetic nerve fiber groups. Am J Physiol. 1999;276(2 pt 
2):R539–R549.

 21. Riedel W, Peter W. Non-uniformity of regional vasomotor activity indicat-
ing the existence of 2 different systems in the sympathetic cardiovascular 
outflow. Experientia. 1977;33:337–338.

 22. Folkow B. Perspectives on the integrative functions of the ‘sympatho-
adrenomedullary system’. Auton Neurosci. 2000;83:101–115. doi: 
10.1016/S1566-0702(00)00171-5.

 23. Hainsworth R. Cardiovascular control from cardiac and pulmonary 
vascular receptors. Exp Physiol. 2014;99:312–319. doi: 10.1113/
expphysiol.2013.072637.

 24. Hicks MN, Mary DA, Walters GE. Atrial receptor discharge in dogs 
with chronically induced difference in blood volume. J Physiol. 
1987;393:491–497.

 25. Hicks MN, Linden RJ, Mary DA. The relationship between left atrial pres-
sure and atrial receptor discharge in dogs and cats with different body 
weights. Exp Physiol. 1990;75:619–627.

 26. Shepherd JT. The heart as a sensory organ. J Am Coll Cardiol. 1985;5(6 
suppl):83B–87B.

 27. Brown AM, Malliani A. Spinal sympathetic reflexes initiated by coronary 
receptors. J Physiol. 1971;212:685–705.

 28. Uchida U, Murao S. Afferent sympathetic nerve fibers originating in left 
atrial wall. Am J Physiol. 1974;227:753–758.

 29. Baker DG, Coleridge HM, Coleridge JC, Nerdrum T. Search for a cardiac 
nociceptor: stimulation by bradykinin of sympathetic afferent nerve end-
ings in the heart of the cat. J Physiol. 1980;306:519–536.

 30. Löken LS, Wessberg J, Morrison I, McGlone F, Olausson H. Coding 
of pleasant touch by unmyelinated afferents in humans. Nat Neurosci. 
2009;12:547–548. doi: 10.1038/nn.2312.

 31. Chen X, Rahman MA, Floras JS. Effects of forearm venous occlusion 
on peroneal muscle sympathetic nerve activity in healthy subjects. Am J 
Cardiol. 1995;76:212–214.

 32. Cui J, McQuillan P, Moradkhan R, Pagana C, Sinoway LI. Sympathetic 
responses during saline infusion into the veins of an occluded limb. J 
Physiol. 2009;587(pt 14):3619–3628. doi: 10.1113/jphysiol.2009.173237.

 33. Garvin NM, Levine BD, Raven PB, Pawelczyk JA. Pneumatic antishock 
garment inflation activates the human sympathetic nervous system by 
abdominal compression. Exp Physiol. 2014;99:101–110. doi: 10.1113/
expphysiol.2013.072447.

 34. Volpe M, Tritto C, De Luca N, Mele AF, Lembo G, Rubattu S, Romano M, 
De Campora P, Enea I, Ricciardelli B, Trimarco B, Condorelli M. Failure of 
atrial natriuretic factor to increase with saline load in patients with dilated 
cardiomyopathy and mild heart failure. J Clin Invest. 1991;88:1481–1489. 
doi: 10.1172/JCI115458.

 35. Ferguson DW, Abboud FM, Mark AL. Selective impairment of baroreflex-
mediated vasoconstrictor responses in patients with ventricular dysfunc-
tion. Circulation. 1984;69:451–460.

 36. Fallick C, Sobotka PA, Dunlap ME. Sympathetically mediated changes 
in capacitance: redistribution of the venous reservoir as a cause of 
decompensation. Circ Heart Fail. 2011;4:669–675. doi: 10.1161/
CIRCHEARTFAILURE.111.961789.

 37. Notarius CF, Millar PJ, Murai H, Morris BL, Floras JS. Inverse relation-
ship between muscle sympathetic activity during exercise and peak oxy-
gen uptake in subjects with and without heart failure. J Am Coll Cardiol. 
2014;63:605–606. doi: 10.1016/j.jacc.2013.08.693.

 at UNIV OF GUELPH on January 8, 2016http://circ.ahajournals.org/Downloaded from 

http://circ.ahajournals.org/


468  Circulation  February 3, 2015

 38. Azevedo ER, Kubo T, Mak S, Al-Hesayen A, Schofield A, Allan R, Kelly 
S, Newton GE, Floras JS, Parker JD. Nonselective versus selective beta-
adrenergic receptor blockade in congestive heart failure: differential 
effects on sympathetic activity. Circulation. 2001;104:2194–2199.

 39. Barretto AC, Santos AC, Munhoz R, Rondon MU, Franco FG, Trombetta IC, 
Roveda F, de Matos LN, Braga AM, Middlekauff HR, Negrão CE. Increased 
muscle sympathetic nerve activity predicts mortality in heart failure patients. 
Int J Cardiol. 2009;135:302–307. doi: 10.1016/j.ijcard.2008.03.056.

CLINICAL PERSPECTIvE
Increases in sympathetic outflow directed at the heart, kidneys, and skeletal muscle characteristic of heart failure with 
reduced ejection fraction (HFrEF) compromise the function of these organs and ultimately foreshorten survival. The afferent 
autonomic derangement assumed principally responsible for such excitation is the loss of reflex sympathetic inhibition by 
cardiopulmonary baroreceptors. However, there is evidence for the emergence in HFrEF of a parallel paradoxical excitatory 
cardiopulmonary reflex, elicited by increases in filling pressure. Thus far, conclusions concerning reflex regulation of muscle 
sympathetic nerve activity in HFrEF have been derived from multiunit recordings, assuming that all postganglionic single 
units within the multiunit envelope discharge concordantly. Using single-unit recordings, we identified subpopulations of 
efferent postganglionic fibers exhibiting opposite firing characteristics in response to acute changes in central venous pres-
sure. In HFrEF patients, in contrast to healthy matched controls, increases in preload caused the majority of efferent muscle 
sympathetic vasoconstrictor single units to paradoxically increase, rather than decrease, their firing frequency. Consequently, 
multiunit muscle sympathetic nerve activity was not inhibited reflexively (P<0.05 versus controls). The emergence in human 
HFrEF of an augmented excitatory cardiopulmonary-skeletal muscle vasoconstrictor reflex response to increased preload 
represents a novel mechanism to account for limb vasoconstriction and exercise intolerance observed with volume expansion 
and for the improved clinical course that often follows decongestion and hemodynamic optimization. Concurrent engage-
ment of renal sympathetic nerves by this reflex would amplify sodium retention. We hypothesize that paradoxical muscle 
sympathetic reflex activation in response to increased atrial pressure is a neurogenic disturbance common to both HFrEF and 
heart failure with a preserved ejection fraction.
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