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Abstract

Aims: To test the hypothesis that spinal cord stimulation (SCS) acutely improves heart rate variability (HRV) and baroreceptor sensitivity
(BRS) in patients with heart failure (HF).

Methods: SCS (15 minutes) was delivered in four different settings: 90% of maximal tolerated stimulation amplitude (MTA) targeting
the T1-T4 spinal cord segments (SCS90T1-4), 60% of MTA (SCS60T1-4), 90% of MTA with cranial (SCS90CR) and caudal (SCS90CA)
electrode configuration. HRV and BRS were recorded continuously and stimulation was compared to device off.

Results: Fifteen HF patients were included. SCS90T1-4 did not change the standard deviation of intervals between normal beats (SDNN,
p = 0.90), BRS (p = 0.55) or other HRV parameters. In patients with baseline SDNN <50 ms, SCS90T1-4 significantly increased SDNN
(p = 0.004).

Conclusions: Acute SCS at 60-90% of MTA targeting upper thoracic spinal cord segments does not improve autonomic balance or

baroreceptor sensitivity in unselected patients with heart failure but may improve HRV in patients with low SDNN.
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Highlights:

+ SCS at T1-T4 segments did not acutely improve HRV in unselected patients with HE.

+ SCS acutely improved HRV in HF patients with low baseline HRV.

+ Baseline autonomic function may influence the response to SCS therapy in HF patients.
+ This should be taken into account during recruitment for neuromodulation trials.

Introduction

Heart failure is characterized by sympathetic nervous system
overactivity and vagal withdrawal (Azevedo and Parker, 1999;
Parker, 1992). This autonomic imbalance has deleterious long-
term effects and is accompanied by attenuated arterial barore-
flex control, e.g. blunted baroreceptor sensitivity (BRS) (Wang
et al,, 1990). Increased sympathetic drive (Jacobson et al.,
2010; Nakata et al., 2013) and blunted BRS (Mortara et al.,
1997; Osterziel et al., 1995) are independent predictors of ad-
verse outcome in heart failure.

Spinal cord stimulation (SCS) is a treatment option for
adults with chronic intractable pain of neuropathic or ischem-
ic origin, including refractory angina pectoris (Simpson et al.,
2009). In canine models, SCS applied to the upper thoracic
segments (T1-4) of the spinal cord elicits a direct sympatho-
lytic effect on the heart by modulating efferent cardiac neu-

ronal signalling (Foreman et al., 2000). In experimental heart
failure models, the sympatholytic effect of SCS translates into
improved left ventricular function and volumes and reduced
propensity for ventricular arrhythmias (Lopshire et al., 2009).
Importantly, stimulation amplitude and targeted thoracic spi-
nal cord segments both modulated the sympatholytic effect of
SCS (Lopshire and Zipes, 2014).

Heart rate variability (HRV) is thought to reflect autonom-
ic function and its evaluation is usually automated using one
of many commercial systems. This enables assessment of the
key pathophysiological change in heart failure: impaired regu-
lation of the cardiac autonomic nervous system. Likewise, BRS
is an established tool for the assessment of autonomic control
of the cardiovascular system and can also be quantified non-in-
vasively. Thus, change in baroreflex function reveals alteration
in autonomic control of the cardiovascular system (La Rovere
et al., 2008). It has previously been shown that HRV improves
with SCS in patients with refractory angina pectoris without
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heart failure (Anselmino et al., 2009; Moore et al., 2004). How-
ever, the acute effect of SCS on HRV and BRS in heart failure
subjects remains largely unknown.

Therefore, the main aim of this study was to test the hy-
pothesis that SCS acutely improves HRV and BRS in patients
with heart failure. A secondary objective was to examine the
impact of different stimulation amplitudes and targeted tho-
racic spinal cord segments on the effect of SCS.

Materials and methods

Patient selection

Patients participating in the DEFEAT-HF clinical trial were
recruited from two study centers (Karolinska University Hos-
pital, Stockholm, Sweden and Na Homolce Hospital, Prague,
Czech Republic). The DEFEAT-HF trial was designed to evalu-
ate the effect of SCS on left ventricular remodeling in patients
with heart failure and reduced ejection fraction (Zipes et al.,
2016). Main inclusion criteria in the DEFEAT-HF trial were
age 218 years, New York Heart Association functional class
(NYHA) III, left ventricular ejection fraction £35%, QRS du-
ration <120 ms and left ventricular end-diastolic diameter of
55-80 mm. Main exclusion criteria in the DEFEAT-HF trial
were coronary artery revascularization or acute coronary syn-
drome within 90 days of enrolment, a reversible type of left
ventricular systolic dysfunction, cardiac resynchronization
therapy and severe mitral regurgitation. In the present study,
we included participants from the DEFEAT-HF study with 26
months SCS therapy and excluded patients that were unwilling
or unable to comply with study procedures.

Spinal cord stimulation

The SCS device consists of a single octopolar lead (model
3777/3877, Medtronic, Plc) implanted in the epidural space,
targeting the midline of the T1-T4 segments of the spinal

cord. The lead is connected with a PrimeADVANCED™ pulse
generator (Model 37702, Medtronic, Plc) that is placed subcu-
taneously in the region of the lateral abdomen. A stimulation
frequency of 50 Hz and pulse duration of 210 ps were used.

Study protocol

Fig. 1A shows an outline of the study protocol. Data were col-
lected during an outpatient visit 6 weeks after discontinuation
of SCS therapy (wash-out). Study visits for all patients were
conducted at approximately the same time of day and the pa-
tients were instructed to abstain from food and beverages con-
taining caffeine or alcohol >12 hours before the investigation.
None of the patients were on hormone replacement therapy.

First, sensitivity testing to determine maximal tolerated
amplitude (MTA) and dermatome mapping were performed.
Patients then rested comfortably in a supine position for
>15 minutes before any measurements or interventions were
started. Subsequently, four SCS settings were programmed
for 15 minutes each in sequential order (Fig. 1B): 90% of MTA
targeting the T1-T4 spinal cord segments (SCS90T1-4), 60%
of MTA in the T1-T4 segments (SCS60T1-4) and 90% of MTA
with cranial (SCS90CR) and caudal (SCS90CA) electrode con-
figuration. We applied a 35-minute period of SCS off between
each intervention to allow for wash-out of the previous stimu-
lation. Throughout the protocol, continuous electrocardiogram
(ECG) and beat-to-beat hemodynamic data using a non-inva-
sive hemodynamic monitor Nexfin® (BMEYE, Amsterdam,
Netherlands) were collected. Cardiac output assessed by a
foreign gas rebreathing device (Innocor®, Innovision, Odense,
Denmark) (Agostini and Cattadori, 2009) was used to calibrate
Nexfin cardiac output measures. No change in medical therapy
was allowed during the protocol.

Local authorities and Ethics Committees at both partici-
pating centers approved the study protocol and the study pro-
tocol was in compliance with the principles of the Declaration
of Helsinki. All subjects provided written informed consent.
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Fig. 1. Outline of the study protocol (A). Spinal cord electrode configurations and outputs used during intervention periods throughout the
protocol (B). BL - baseline; ECG - electrocardiogram; OFF — spinal cord stimulation inactive; ON - spinal cord stimulation active; RB — inert

gas rebreathing test; SCS — spinal cord stimulation; SCS60T1-4 - spinal cord stimulation with the amplitude of 60% of maximal tolerated
amplitude targeting T1-T4 spinal cord segments; SCS90T1-4 - spinal cord stimulation with the amplitude of 90% of maximal tolerated
amplitude targeting T1-T4 spinal cord segments; SCS90CA - spinal cord stimulation with the amplitude of 90% of maximal tolerated amplitude
and an electrode configuration targeting caudal segments; SCS90CR - spinal cord stimulation with the amplitude of 90% of maximal tolerated

amplitude and an electrode configuration targeting cranial segments.
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Assessment of heart rate variability

Analysis was performed using PowerLab and LabChart soft-
ware (ADInstruments, Dunedin, New Zealand). ECG record-
ings of the last five minutes of each intervention and the last
five minutes of each preceding SCS-OFF period were used to
analyze HRV according to recommendations from the Europe-
an Society of Cardiology Task Force (Heart rate variability...,
1996). In the present study, we used three time-domain meas-
ures: standard deviation of intervals between normal beats
(SDNN), square root of the mean of the sum of the squares
of differences between adjacent NN intervals (RMSSD), num-
ber of pairs of adjacent NN intervals differing by more than
50 ms divided by the total number of all NN intervals (pNN50),
and several frequency-domain methods: high frequency
(HF: 0.15-0.40 Hz) reflecting vagal activity, low frequency
(LF: 0.04-0.15 Hz) reflecting baroreflex modulation of auto-
nomic function (Goldstein et al., 2011; Rahman et al., 2011),
very low frequency (VLF: <0.04 Hz) representing the strong-
est prognostic marker from all frequency bands (Hadase et al.,
2004) and LF to HF ratio (LF/HF). Frequency-domain meas-
ures are expressed as power in each frequency range (ms?).
Previous studies have shown that SDNN <50 ms confers a par-
ticularly poor prognosis and this cut-off is recommended by
the European Society of Cardiology Task Force for prognosti-
cation (Heart rate variability..., 1996). Therefore, we also test-
ed the effect of SCS separately in patients with baseline SDNN
>50 ms versus <50 ms.

Assessment of baroreceptor sensitivity

Spontaneous BRS was estimated by the sequence method as
described previously (Parlow et al., 1995; Wang et al., 2004).
Beat-to-beat systolic blood pressure (sBP) and RR intervals
were analyzed using a custom MATLAB algorithm selecting all
sequences of three or more successive beats where there were
concomitant increases or decreases in sBP and RR interval. The
average regression slope was calculated in different 5-minute
segments for each stimulation setting (0-5 minute, 5-10 min-
ute, last 5 minutes if total stimulation period was 212.5 min-
utes) and compared with baseline (5-minute segment preced-
ing the stimulation period). The regression slope (expressed as
ms/mmHg) is a representative of spontaneous BRS.

Assessment of hemodynamic data

Heart rate, sBP, diastolic blood pressure (dBP), mean arterial
pressure (MAP), stroke volume (SV) and cardiac output were
measured. An estimate of total peripheral resistance (eTPR)
was calculated as: MAP/CO x 79.9 (dyn/s/cm™). A five-minute
segment during SCS-OFF preceding each stimulation setting
and 15-minute stimulation periods were used for hemody-
namic analyses.

Statistical analysis

Normal distribution of HRV, BRS and hemodynamic data was
controlled with the Shapiro-Wilk normality test, and para-
metric (paired two-tailed t-test) and non-parametric (Wilcox-
on two-tailed matched pairs test) testing was used as appropri-
ate. Data are presented as mean with 95% confidence interval
(CI) for normally distributed data and median with 95% CI for
skewed data. Differences between low and high baseline SDNN
subgroups were compared using an unpaired two-tailed t-test.
All statistical analyses were performed using GraphPad Prism
version 8.3.0 (GraphPad Software, La Jolla California, USA).
P-values <0.05 were considered statistically significant.

Results

Baseline characteristics and therapy delivery

Table 1 shows the baseline characteristics of the study popula-
tion. Fifteen subjects (4 female, age 67 + 8 years, 53% ischemic
heart failure etiology) were enrolled. Average left ventricular
ejection fraction and indexed end-diastolic volume (LVEDV)
were 41 + 14% and 162 + 48 ml/m?, respectively. Average
NYHA class was 2.6 + 0.6.

Table 1. Baseline characteristics

Age (years) 67+8
Female sex (n; %) 4 (26)
NYHA class 2.6+0.6
LVEF (%) 41 +14
LVEDV (ml) 162 +48
Systolic blood pressure (mmHg) 124 +18
Diastolic blood pressure (mmHg) 74+ 9
BMI (kg/m?) 28+6
Heart failure duration (years) 43+23
Ischemic etiology (n; %) 8 (53)
Previous CABG/PCI (n; %) 6 (40)
History of hypertension (1; %) 10 (67)
COPD (n; %) 2(13)
Current or past smoker (n; %) 9 (60)
Diabetes mellitus (n; %) 2 (13)
ICD implanted (n; %) 13 (87)
% of patients on p-blocker/ACEI or ARB/MRA 100/93/87
% of target daily dose of B-blocker 66

% of target daily dose of ACEI/ARB 64

ACEI - angiotensin-converting enzyme inhibitor; ARB - angiotensin
IT receptor blocker; BMI - body mass index; CABG - coronary artery
bypass grafting; COPD - chronic obstructive pulmonary disease;

ICD - implantable cardioverter defibrillator; LVEF - left ventricular
ejection fraction; LVEDV - left ventricular end-diastolic volume;
MRA - mineralocorticoid receptor antagonist; NYHA class - New
York Heart Association functional class; PCI - percutaneous coronary
intervention.

MTA was 3.3 + 2.9V, 3.5 +£29Vand 4.2 + 2.7 V respec-
tively in SCS90T1-4, SCS90CR and SCS90CA. Distribution of
perceived paresthesia during dermatome mapping in the three

SCS lead configurations is displayed in Suppl. Figs. S1-S3.

Acute effect of SCS on heart rate variability

As shown in Fig. 2, heart rate was unchanged when comparing
SCS90T1-4 (63.2 [49.4-76.8] bpm) to SCS-OFF (65.6 [53.5-
75.3] bpm, p = 0.29), and SDNN did not change significantly
with SCS90T1-4 compared to SCS-OFF (53.0 [27.3-78.1] ms
versus 55.7 [22.8-105.3] ms, p = 0.90). No statistically signif-
icant differences in heart rate or SDNN were observed with
SCS60T1-4, SCS90CR or SCSIOCA. Similarly, we did not prove
any change in RMSSD or pNN50 with SCS compared to SCS-
OFF ). As shown in Fig. 3, there was no signif-
icant change in any frequency-domain HRV parameter with
SCS compared to SCS-OFF regardless of stimulation amplitude
or lead configuration.
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Fig. 2. Acute effect of SCS with different stimulation amplitudes and electrode configurations on heart rate and SDNN. Data are expressed as
median with 95% confidence interval. Bpm — beats per minute; SDNN - standard deviation of intervals between normal beats.
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Fig. 3. Acute effect of SCS with different stimulation amplitudes and lead configurations on frequency-domain heart rate variability
parameters. Data are expressed as median with 95% confidence interval.
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Effect of baseline SDNN on SCS therapy

In the subgroup analysis, patients with low baseline SDNN
(<50 ms, n = 4) displayed significantly increased SDNN with
SCS90T1-4 compared to SCS-OFF, whereas SDNN in patients
with high baseline SDNN (>50 ms, n = 7) did not change sig-
nificantly with SCS (Fig. 4). This pattern was not observed with

shows the baseline characteristics of low and high baseline
SDNN subgroups. Although the patients with baseline SDNN
<50 ms tended to be more symptomatic and have lower ejec-
tion fraction, more pronounced left ventricular dilation and
less titrated pharmacotherapy of heart failure, the low number
of participants in subgroups does not permit correct statistical

lower stimulation amplitude or other electrode configurations,
where SDNN did not change with SCS (). Table 2
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Fig. 4. Acute effect of SCS with 90% of maximal tolerated amplitude on SDNN in patients with low (<50 ms) versus high (>50 ms) baseline
SDNN. Data are expressed as individual (A) and median with 95% confidence interval of delta ratios (B). SDNN - standard deviation of

intervals between normal beats.

Table 2. Baseline characteristics of low and high SDNN subgroups

SDNN <50 ms SDNN >50 ms p-value

(n=4) (n=17)
Age (years) 64 +10 68+9 0.5
BMI (kg/m?) 29.6+7 27.2+7 0.6
Systolic blood pressure, mmHg 130+ 21 122 +20 0.53
Diastolic blood pressure, mmHg 78 £9 70+9 0.24
NYHA class 2.8+0.5 2.3+0.5 0.17
LVEF (%) 34+11 44+15 0.27
LVEDV (ml) 170 + 62 139+15 0.26
Time since heart failure diagnosis (years) 331 4+2 0.55
Ischemic etiology (1; %) 1(25%) 5(71%)
% of target daily dose of B-blocker 47 + 39 82+43 0.21
% of target daily dose of ACEI/ARB 32+21 80+ 35 0.04

ACEI - angiotensin-converting enzyme inhibitor; ARB - angiotensin II receptor blocker; BMI - body mass index; LVEF - left ventricular ejection
fraction; LVEDV - left ventricular end-diastolic volume; NYHA class — New York Heart Association functional class; SDNN - standard deviation

of intervals between normal beats.
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Acute effect of SCS on baroreceptor sensitivity
We did not observe any significant acute effect of SCS on BRS
regardless of amplitude and lead configuration tested (Fig. 5).
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Acute effect of SCS on hemodynamic parameters

As detailed in Fig. 6, we did not observe any significant change
in hemodynamic parameters with other SCS configurations ex-
cept for a significant increase in sBP and dBP with SCS60T1-4
(118 + 15 versus 115 + 16 mmHg, p = 0.03 and 65 + 6 versus
63 + 7mmHg, p = 0.04).
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Fig. 5. Acute effect of SCS with different amplitudes and lead configurations on baroreceptor sensitivity. Results are displayed as individual, as

well as median with 95% confidence interval.

Discussion

This is the first clinical study investigating the acute effect of
SCS on HRV and baroreceptor reflex control in patients with
heart failure. We did not detect any acute salutary effects in
the unselected sample of patients. However, we observed an
association between the HRV at baseline and a significant in-
crease in SDNN with SCS, indicating a favourable effect of SCS
on the autonomic function in patients with an initially low
HRV.

Effect of SCS on the autonomic nervous system in
subjects without heart failure

There is preclinical and clinical trial evidence that SCS improves
autonomic nervous system balance in subjects without heart
failure. Foreman et al. (2000) showed that SCS suppresses car-
diac sympathetic nerve activity evaluated by direct microneu-
rography in anesthetized dogs with and without myocardial
ischemia. SCS has also been shown to reduce susceptibility to
atrial fibrillation in non-failing canine models (Bernstein et al.,
2012). Furthermore, two clinical studies have documented an
acute effect of SCS on HRV in patients with refractory angina

but without heart failure. Moore et al. (2004) observed signif-
icant reductions in LE/HF and LF in a study with sixteen sub-
jects suffering from refractory angina pectoris, and Anselmino
et al. (2009) documented a significant reduction of LE/HF in
eight patients with refractory angina.

However, it is not trivial to extrapolate these data to a
heart failure population due to intrinsic differences in auto-
nomic balance and reflex regulation between patients with and
without heart failure.

Effect of SCS on the autonomic nervous system in
subjects with heart failure

Several preclinical studies on ischemia/reperfusion and myo-
cardial infarction (but not heart failure per se) models have
shown that SCS reduces infarct size, prevents ventricular
arrhythmias and improves stressor tolerance (Cardinal et al.,
2004; Issa et al., 2005; Odenstedt et al., 2014). Preclinical data
of SCS efficacy in heart failure are scarce, however two studies
(canine and porcine) have shown that SCS improves myocar-
dial contractility, induces reverse remodeling and protects
from ventricular arrhythmias in ischemic heart failure (Liu et
al., 2012; Lopshire et al., 2009). Hence, preclinical studies on
mainly ischemic heart disease models suggest a direct sym-
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Fig. 6. Individual and mean changes of hemodynamic parameters in four spinal cord stimulation settings. Data are shown as change of mean
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patholytic effect of SCS that translates into salutary hemody-
namic, structural and electrophysiological effects. Although
these preclinical studies are suggestive of a salutary SCS effect
in heart failure, data from clinical studies are scarce and incon-
sistent. The only randomized and controlled trial in patients
with heart failure (DEFEAT-HF) failed to show any effect of
SCS on left ventricular reverse remodeling or patient functio-
nal capacity (Zipes et al., 2016). Furthermore, in a subset of
patients from the DEFEAT-HF study, we were unable to detect
any mid-term effect of SCS on cardiac sympathetic nerve acti-
vity assessed by 1?3I-metaiodobenzylguanidine (MIBG) scinti-
graphy (Naar et al., 2017a). Furthermore, we did not see any
beneficial effect of SCS on heart failure-associated biomarkers,
i.e. renin-angiotensin-aldosterone hormonal axis activation,
levels of circulating inflammation markers or norepinephri-
ne level (Naar et al., 2017b). The main finding of the present
study supports the neutral results from the DEFEAT-HF trial
and previously published data on sub-groups from the main
trial, as decreased sympathetic nerve activity is a fundamental
presumption regarding the mechanism of action of SCS in he-
art failure (Linderoth and Foreman, 1999). These neutral data
from the DEFEAT-HF study are in contrast to an uncontrolled
observational study of SCS on patients with heart failure that
demonstrated improved NYHA class, exercise capacity and left
ventricular function associated with SCS (Tse et al., 2015). The
reason for this is not clear but may be due to differences in
patient selection, study design and therapy delivery aimed at a
higher transfer of electric charge per unit time by using double
leads and 24-hour SCS.

Role of the baseline autonomic nervous system

function on the effect of SCS in heart failure

Clearly, most clinical data on SCS in heart failure are neutral.
However, the subgroup analysis in the present study based on
baseline SDNN suggests that patients with low baseline HRV
may profit from SCS therapy in terms of HRV improvement.
This finding is in agreement with a previous study from our
group, where baseline cardiac sympathetic nerve activity as-
sessed by 123[-MIBG scintigraphy significantly and inversely
correlated with an SCS-associated change in cardiac sympa-
thetic activity (Naar et al., 2017a). Hence, these studies imply
that SCS elicits a sympatholytic or HRV-improving effect in
heart failure only in patients with more pronounced sympa-
thetic overactivity or lower baseline HRYV, respectively. There-
fore, our data suggest that baseline sympathetic nerve activity
or autonomic balance may play a key role when examining the
effect of SCS in heart failure, and suggest that the amendable
substrate (level of sympathetic activity) may be important in
patient selection for SCS.

SCS therapy delivery

Most preclinical and clinical studies of SCS in cardiac disease
have applied near motor threshold amplitudes (animal stud-
ies) or maximal tolerated stimulation amplitude (humans) in
the T1-T5 spinal cord segments, corresponding to 90% of the
maximal tolerated amplitude in the T1-T4 setting used in this
study. However, one experimental study in a canine ischemic
heart failure model suggested that targeted spinal cord seg-
ments and stimulation amplitude may affect SCS outcome
(Lopshire et al., 2009). Particularly relevant to the present
study, it was demonstrated that targeting the T4 segment
with 90% and 60% of motor threshold significantly reduced
the heart rate, while targeting the T1 or T8 spinal cord seg-
ments did not. In the present study on heart failure patients,

targeting the T4 spinal cord segment using 90% of maximal
tolerated stimulation amplitude did not confer an acute effect
on heart rate or HRV and neither did targeting more caudal
or cranial spinal cord segments. The failure to translate the ef-
ficacy of SCS therapy from an animal heart failure model to
heart failure patients could be explained by the relatively high-
er stimulation output used in animals: 90% of motor threshold
in canines versus 90% of maximal tolerable output in humans.
Preclinical studies have also only used ischemic models of
heart failure with a shorter duration than clinical cases. Fur-
thermore, differences in stimulation parameters, stimulation
duration, number of leads and lead position are present among
studies.

Study limitations

We acknowledge that the sample size of the present study is
small and no a priori formal power calculation was performed.
Nevertheless, clinical studies with similar sample sizes have
been able to prove significant amelioration of HRV with SCS
in patients with refractory angina pectoris (Anselmino et al,,
2009; Moore et al., 2004). This is also the first report on the
acute effects of SCS on HRV in patients with heart failure. The
exact washout period of the effect of SCS on the autonomic
nervous system is unknown and we arbitrarily chose a 35-min-
ute period. Therefore, carry-over effects may have influenced
the results in this study. Additionally, the interpretation of
HRV analyses is difficult. Recent evidence implies that the na-
ture of frequency bands from HRV spectral analysis is com-
plex and associating a particular frequency component with
divisions of the autonomic nervous system (sympathetic or
parasympathetic) is too simplistic (Hayano and Yuda, 2019).
Thus the interpretation of LF and LE/HF is especially chal-
lenging. Taking these limitations into account, further studies
evaluating directly the sympathetic nervous system in heart
failure patients treated with neuromodulation therapy would
be worthwhile, for example by assessment of muscle sympa-
thetic nerve activity (MSNA) using microneurography of the
common peroneal nerve, which is standard for the direct eval-
uation of sympathetic nerve activity in humans, although this
method does not selectively assess cardiac sympathetic nerve
activity.

Conclusions

Spinal cord stimulation delivered at 60-90% of maximal toler-
ated output targeting the T1-T4 segments of the spinal cord
does not acutely improve heart rate variability or baroreceptor
sensitivity in unselected patients with heart failure, but it may
improve HRV in patients with low SDNN. This finding sug-
gests that baseline autonomic function may influence SCS re-
sponse in this patient population.
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