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ORIGINAL RESEARCH

Local Passive Heat for the Treatment of 
Hypertension in Autonomic Failure
Luis E. Okamoto , MD; Jorge E. Celedonio, MD; Emily C. Smith , BSN, MPH; Alfredo Gamboa , MD, MSCI; 
Cyndya A. Shibao , MD, MSCI; André Diedrich, MD, PhD; Sachin Y. Paranjape, BS; Bonnie K. Black, BSN, ANP; 
James A. S. Muldowney, III, MD; Amanda C. Peltier, MD, MS; Ralf Habermann, MD; Craig G. Crandall , PhD; 
Italo Biaggioni, MD

BACKGROUND: Supine hypertension affects a majority of patients with autonomic failure; it is associated with end- organ dam-
age and can worsen daytime orthostatic hypotension by inducing pressure diuresis and volume loss during the night. Because 
sympathetic activation prevents blood pressure (BP) from falling in healthy subjects exposed to heat, we hypothesized that 
passive heat had a BP- lowering effect in patients with autonomic failure and could be used to treat their supine hypertension.

METHODS AND RESULTS: In Protocol 1 (n=22), the acute effects of local heat (40– 42°C applied with a heating pad placed over 
the abdomen for 2 hours) versus sham control were assessed in a randomized crossover fashion. Heat acutely decreased 
systolic BP by −19±4 mm Hg (versus 3±4 with sham, P<0.001) owing to decreases in stroke volume (−18±5% versus −4±4%, 
P=0.013 ) and cardiac output (−15±5% versus −2±4%, P=0.013). In Protocol 2 (proof- of- concept overnight study; n=12), we 
compared the effects of local heat (38°C applied with a water- perfused heating pad placed under the torso from 10 pm to 6 am) 
versus placebo pill. Heat decreased nighttime systolic BP (maximal change −28±6 versus −2±6 mm Hg, P<0.001). BP re-
turned to baseline by 8 am. The nocturnal systolic BP decrease correlated with a decrease in urinary volume (r=0.57, P=0.072) 
and an improvement in the morning upright systolic BP (r=−0.76, P=0.007).

CONCLUSIONS: Local heat therapy effectively lowered overnight BP in patients with autonomic failure and supine hypertension 
and offers a novel approach to treat this condition. Future studies are needed to assess the long- term safety and efficacy in 
improving nighttime fluid loss and daytime orthostatic hypotension.

REGISTRATION: URL: https://www.clini caltr ials.gov; Unique identifiers: NCT02417415 and NCT03042988.
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Primary autonomic failures (AF) are neurode-
generative disorders characterized by disabling 
orthostatic hypotension (OH) due to loss of com-

pensatory sympathetic activation and absence of baro-
reflex buffering.1,2 A majority of these patients also have 
supine hypertension, which has been associated with 
cardiac and renal end- organ damage.3,4 Moreover, 
there is evidence that nocturnal supine hypertension 
begets daytime OH by inducing a significant volume 
loss during the night because of pressure natriure-
sis.5 There is, however, concern about treating supine 

hypertension for fear that antihypertensive medications 
will worsen OH.6

In most patients, supine hypertension can be 
controlled during the day simply by avoiding the su-
pine position, but it remains a management problem 
during the night. The reluctance to treat this condi-
tion would be overcome if we had a treatment that 
would selectively lower nocturnal blood pressure 
(BP), reduce nighttime natriuresis, and thereby im-
prove morning OH. Many medications successfully 
reduce nighttime BP.5,7– 11 Most of them, however, 
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fail to reduce nighttime diuresis and none improves 
daytime OH, likely because of the lingering effects of 
these drugs.5,7– 11 Thus, there is an unmet need to de-
velop an alternative approach that would effectively 
treat nocturnal hypertension while improving daytime 
OH.

The cutaneous vasculature, one of the larg-
est capacitance beds in the human body, is con-
trolled mainly by the thermoregulatory system. Heat 

exposure induces skin vasodilation, redistributing 
blood from central vascular beds to the skin.12,13 BP 
is normally maintained owing to autonomically medi-
ated compensatory hemodynamic responses.14,15 In 
AF, these hemodynamic responses are impaired, and 
thus, heat- induced hypotension likely contributes to 
the severe worsening of orthostatic symptoms these 
patients complain about when exposed to ambient 
heat.16 This clinical observation prompted us to ex-
plore whether heat had an acute BP- lowering effect 
in patients with AF, and whether this effect can be 
used to treat their nocturnal hypertension. We tested 
these hypotheses in 2 steps: Protocol 1 assessed 
the acute hemodynamic effects of local application of 
controlled passive heat, and Protocol 2 determined, 
in a proof- of- concept study, whether overnight ap-
plication of local controlled heat improves noctur-
nal hypertension, nocturia, and morning orthostatic 
tolerance.

METHODS
The data that support the findings of this study will be 
made available by the corresponding author to any re-
searcher upon reasonable request.

Subjects
Thirty- one patients with severe primary AF (20 with 
pure autonomic failure, 10 with Parkinson disease, 
and 1 with probable multiple system atrophy) were 
recruited from referrals to Vanderbilt University 
Autonomic Dysfunction Center. Clinical diagnoses 
were defined using current criteria.1,2,17,18 All patients 
had neurogenic OH and supine hypertension defined 
as systolic BP (SBP) ≥150  mm  Hg or diastolic BP 
(DBP) ≥90 mm Hg.19 Nineteen patients participated 
in Protocol 1, 9 in Protocol 2, and 3 patients par-
ticipated in both protocols. Patients were excluded 
if they had secondary causes of AF (eg, diabetes 
mellitus or amyloidosis), if they were bedridden, or if 
they had any significant cardiac or renal illness. The 
Vanderbilt University Institutional Review Board ap-
proved this study, and written informed consent was 
obtained from each patient before initiating the study 
(http://clini caltr ials.gov identifier: NCT02417415 and 
NCT03042988).

General Protocol
Patients were studied as inpatients in the Clinical 
Research Center at Vanderbilt University Medical 
Center and were fed a low- monoamine, caffeine- free 
diet containing 150 mEq sodium and 70 mEq potas-
sium per day. Medications affecting BP, blood vol-
ume, and the autonomic nervous system, including 
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What Is New?
• In patients with autonomic failure and supine hy-

pertension, low levels of local passive heat had 
an acute and profound blood pressure- lowering 
effect, with a rapid onset of action and recovery.

• In a proof- of- concept study, overnight therapy 
with local passive heat (38°C) effectively low-
ered nocturnal blood pressure in these patients.

• Nocturnal diuresis and morning orthostatic hy-
pertension improved in patients with greater 
blood pressure responses.

What Are the Clinical Implications?
• Supine hypertension complicates the manage-

ment of orthostatic hypertension in patients 
with autonomic failure; treatment of one condi-
tion often worsens the other.

• Local passive heat therapy has the advantage 
of rapid onset and offset of the blood pressure 
effects and may improve nocturnal diuresis 
and morning orthostatic hypertension in some 
patients.

• Overnight heat therapy may offer a novel non-
pharmacologic approach to treat the nocturnal 
supine hypertension of autonomic failure, but 
future studies are needed to assess the long- 
term efficacy and safety of this approach.
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CO cardiac output
CVC cutaneous vascular conductance
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HR heart rate
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PP pulse pressure
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Tcore core body temperature
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fludrocortisone, pressor drugs, or antihypertensive 
medications, were withheld for ≥5 half- lives before 
studies. All other medications were held constant 
during admission. The screening consisted of a 
medical history, physical examination, ECG, routine 
safety laboratory assessments, and standardized 
autonomic function tests, including orthostatic stress 
test, respiratory sinus arrhythmia, and Valsalva ma-
neuver.20 BP and heart rate (HR) were obtained using 
an automated oscillometric sphygmomanometer 
(Dinamap ProCare, GE Healthcare), finger photop-
lethysmography (Nexfin, BMEYE), and continuous 
ECG. During the orthostatic test, blood samples 
were obtained for norepinephrine while patients were 
supine and upright, as described previously.7 Plasma 
norepinephrine was measured by high- performance 
liquid chromatography with electrochemical detec-
tion.21 All patients were screened for nocturnal su-
pine hypertension by assessing BP in duplicate at 
2- hour intervals from 8:00 pm to 8:00 am with an auto-
mated sphygmomanometer (Dinamap ProCare, GE 
Healthcare).

Protocol 1: Acute Hemodynamic Effects 
of Local Controlled Passive Heating
Patients were studied on 2 separate days in a rand-
omized crossover manner with either local controlled 
passive heat stress (40– 42°C) or sham control. Studies 
were conducted in a temperature- controlled room (24– 
26°C) in the afternoon when BP is higher,22 in a post- 
void state, and ≥2.5 hours after meals.

On each study day, patients remained supine 
throughout the study covered by a thin blanket for 
comfort. BP and HR were measured every 5 minutes 
with an automated oscillometric sphygmomanometer 
(Dinamap ProCare, GE Healthcare), and continuously 
with finger photoplethysmographic volume- clamp BP 
device (Nexfin, BMEYE) and ECG. Skin temperature 
was monitored with a wireless temperature sensor 
(Dermal Patch, VitalSense, Philips Respironics) placed 
on the right lower abdominal quadrant (underneath 
the heating pad). Core body temperature (Tcore) was 
monitored with a telemetric thermometer pill (Jonah™ 
ingestible capsule, VitalSense, Mini Mitter) that was 
swallowed >2 hours before studies.23

After 30  minutes of normothermic baseline mea-
surements, passive heat was applied over the abdo-
men and pelvis with a commercial electric heating pad 
(61×30 cm, Sunbeam Products), placed over 2 layers of 
clothing, to provide local heating at 40 to 42°C (“high” 
temperature setting) continuously for up to 2  hours. 
Outcome measurements were recorded during the in-
tervention and for ≤30 minutes of recovery. All proce-
dures were identical in the sham control day, but the 
heating pad was turned off.

In a subset of participants, we included measure-
ments of systemic and skin hemodynamics at baseline 
and at 2 hours after each intervention to assess the he-
modynamic mechanisms underlying the BP effects of 
passive heat (secondary objective). Specifically, stroke 
volume (SV) was estimated using impedance cardiog-
raphy, as described previously.24 Cardiac output (CO) 
was then calculated by multiplying SV by the HR ob-
tained from oscillometric BP measurements. Systemic 
vascular resistance (SVR) was estimated by dividing 
oscillometric mean arterial pressure (MAP) by CO. Skin 
blood flow was measured on the right lower abdominal 
quadrant (underneath the heating pad), and on the right 
lateral calf (a distal site unexposed to heat) using laser- 
Doppler flow probes (DRT4, Moor Instruments Inc.), to 
assess local (abdomen) and reflex- induced (calf) vas-
cular changes due to local heating. Skin temperature 
on the right lateral calf was monitored with a wireless 
temperature sensor (Dermal Patch, VitalSense, Philips 
Respironics). Cutaneous vascular conductance (CVC) 
was estimated as the ratio of skin blood flow to arm 
cuff MAP, to assess changes in vasomotor tone.25 
Systemic and skin hemodynamic data were reduced 
to average values measured during a 5 to 15  min-
ute period and expressed as percent changes from 
baseline.

Protocol 2: Proof- of- Concept Study to 
Assess the Efficacy of Overnight Heat 
Therapy for the Treatment of Nocturnal 
Supine Hypertension
In a randomized, 2- night crossover study, we com-
pared the effects of overnight therapy with controlled 
local passive heat (38°C) versus a placebo pill. Studies 
were conducted from 8 pm to 8 am, and ≥2.5 hours after 
the last meal. Patients were instructed to remain su-
pine throughout the night. Fluid intake was restricted 
to avoid the pressor effect of water drinking.26 BP and 
HR were measured twice in a row at 2- hour intervals 
from 8 pm to 8 am by an automated sphygmomanom-
eter (Dinamap ProCare, GE Healthcare). Internal body 
temperature was measured at the same time intervals 
with a thermistor thermometer (SureTemp Plus, Welch 
Allyn Inc.) placed in the sublingual sulcus. Urine was 
collected throughout the night for determination of 
volume.

Overnight heat therapy was applied using a 
conductive warming therapy system (Norm- O- 
Temp, Gentherm Medical, LLC), consisting of a 
water heater and circulating pump connected to a 
79.4×60.3  cm water- perfused pad (Gelli- roll 194P, 
Gentherm Medical, LLC). This is a Food and Drug 
Administration approved device for whole- body heat 
therapy before, during, and after surgical procedures 
and in patients in intensive care units and emergency 
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rooms.27 The heating pad was placed at 8  pm over 
the mattress, covered by a sheet, under the patient’s 
torso and proximal thighs, to ensure that it remained 
in place throughout the night. After ≈2 hours of base-
line (8  pm– 10  pm), heat therapy was applied by per-
fusing water at 38°C through the pad for ≈8 hours 
(10 pm– 6 am). This temperature induces local skin va-
sodilation while being safe and well tolerated for pro-
longed contact with the skin.28,29 At 6 am, the heating 
pad was removed from the patient’s bed, and at 
8 am, patients were asked to stand for ≤10 minutes. 
BP and HR were measured at 1, 3, 5, and 10 minutes 
of standing, or as long as tolerated, to assess morn-
ing orthostatic tolerance.

Adverse event information was collected on each 
study day in both protocols. In Protocol 1, the skin 
under the heating pad was assessed for signs of irri-
tation or burns every 20 to 30 minutes during passive 
heating and end of recovery.

Statistical Analysis
In Protocol 1, our primary objective was to test the 
hypothesis that local controlled passive heat stress 
would decrease supine BP compared with sham 
control (normothermia) in patients with AF and supine 
hypertension. The primary outcome was the change 
from the averaged baseline in supine SBP (∆SBP) 
during the 2- hour intervention period. Secondary out-
comes included changes from baseline in DBP, MAP, 
HR, pulse pressure (PP), and abdominal skin temper-
ature and Tcore during the intervention and recovery 
periods. We used 2- way repeated- measures ANOVA 
to test effects of treatment, time, and their interac-
tion on primary and secondary outcomes. If a signifi-
cant overall treatment difference was found, paired 
comparisons of outcome variables across time were 
performed using paired t tests with Bonferroni cor-
rection as post hoc test. In the secondary objective, 
BP, HR, and percent changes from baseline in CO, 
SV, SVR, skin blood flow, and CVC at 2 hours post- 
intervention were compared between treatments 
using Wilcoxon signed- rank tests or paired t tests 
depending on the data distribution.

In Protocol 2, we hypothesized that overnight heat 
therapy would decrease nocturnal supine BP com-
pared with placebo and that this BP- lowering effect 
of heat would be associated with lower nocturnal 
urine volume and improved morning orthostatic 
tolerance. We chose a “antihypertensive” placebo 
pill, that would supposedly lower BP, as our control 
rather than sham heat, cognizant that patient would 
not be blinded by the later approach. The primary 
outcome was the change from baseline (8 pm) in the 
supine SBP (ΔSBP) during the intervention period 
(10 pm– 6 am). Differences between treatments in the 

primary outcome and changes from baseline in HR, 
DBP, MAP, and PP were analyzed using the same 
approach described in Protocol 1. Secondary out-
comes included nocturnal diuresis, body weight, and 
morning orthostatic tolerance, defined as the area 
under the curve of standing SBP during the ortho-
static test at 8 am (calculated by the trapezoidal rule 
[mean upright SBP×standing time]).24 This is a com-
posite score that integrates both the standing time 
and the upright SBP.30 Comparisons were made only 
for patients who could stand after all treatments, as 
previously reported.30 Baseline measurements and 
secondary outcomes were compared between treat-
ments using Wilcoxon signed- rank tests or paired t 
tests depending on the data distribution. Data are 
presented as mean±SEM unless otherwise noted. All 
of the tests were 2- tailed, and a P value of <0.05 was 
considered significant. Analyses were performed 
with SPSS 23.0 (IBM Corp).

Sample Size and Power Calculations
In Protocol 1, power calculation was based on prelimi-
nary data from 4 patients. The difference in the change 
from baseline in supine SBP between local controlled 
passive heating and sham control groups at 2 hours 
post- intervention was of 29 mm Hg, with SD of the dif-
ference of 33 mm Hg, which was consistent with the 
clinically significant hypotensive effect of nitric oxide 
potentiation with sildenafil and other antihypertensive 
tested in the same patient population.9 Assuming this 
effect size and variance, a sample size of 22 patients 
would have 97% power to detect a difference in mean 
values between treatments with an α level of 0.05 
using paired t test analysis. In Protocol 2, power cal-
culation was based on preliminary data from overnight 
studies with passive heat in 3 patients. The difference 
in the maximal changes from baseline in supine SBP 
between overnight heat therapy and placebo was of 
28 mm Hg, with SD of the difference of 23 mm Hg. 
A sample size of 12 patients would have 97% power 
to detect a difference in mean values between treat-
ments with an α level of 0.05 using paired t test analy-
sis. Sample calculation was performed with G*Power, 
Version 3.1.9.4.31

RESULTS
Patient Characteristics and Autonomic 
Testing
We studied a total of 31 patients with severe AF and 
supine hypertension (73±1  years, body mass index 
27±1  kg/m2, supine BP 170±4/90±2, 21 men): 22 
patients in Protocol 1 and 12 patients in Protocol 2. 
Patient clinical and autonomic characteristics are 
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shown in Tables 1 and 2. A history of essential hyper-
tension preceded the diagnosis of AF in 42% of pa-
tients and supine hypertension started after the onset 
of AF in the remainder. The majority of patients (58%) 
had a history of worsening of orthostatic symptoms in 
hot environments (heat intolerance) before study par-
ticipation. All patients exhibited a profound decrease 
in BP on standing (OH) without an adequate compen-
satory increase in HR and severe impairment of auto-
nomic reflexes (Table 2). Respiratory sinus arrhythmia 
was blunted, suggesting parasympathetic dysfunc-
tion. Evidence of sympathetic dysfunction included 
an exaggerated decrease in SBP during phase II and 

the absence of BP overshoot during phase IV of the 
Valsalva maneuver.

Protocol 1: Acute Hemodynamic Effects 
of Local Heating
Twenty- two patients completed both treatment arms. 
Tcore was obtained in 12 patients. Of the remaining 10 
patients, 7 refused to take the telemetry pill, and the 
pill was no longer commercially available in 3. Baseline 
Tcore was similar between trial days (36.7±0.1 versus 
36.8±0.1°C for heat and sham respectively; P=0.330); 
baseline abdominal skin temperature was slightly 
lower on the heating day compared with that of sham 
(33.4±0.3 versus 33.9±0.3°C, respectively; P=0.001). 
The heating pad increased abdominal skin tempera-
ture by 6.3±0.5°C (to 39.7±0.4°C) after 1 hour of heat-
ing, and by 5.9±0.4°C (to 39.3±0.4°C) after 2  hours; 
whereas sham control produced no significant change 
(1.1±0.2 [to 35.0±0.2] and 1.1±0.2°C [to 35.1±0.2°C], 
respectively; Figure 1A). Tcore had a small, but statisti-
cally significant, increase during heating compared with 
sham (P=0.010 for treatment effect and P<0.001 for 
treatment×time interaction, 2- way repeated- measures 
ANOVA); Tcore increased by 0.2±0.1°C (to 36.9±0.1°C) 
at 1 hour and by 0.4±0.1°C (to 37.2±0.1°C) at 2 hours 
post- intervention compared with 0.0±0.1 (36.8±0.1) 
and 0.1±0.0°C (36.9±0.1°C) respectively with sham 
(P<0.001 for both paired comparisons).
Baseline supine BP was similar between heat and 
sham trials; SBP was 167±4 and 159±4 mm Hg, re-
spectively (P=0.079), DBP was 92±2 and 88±2 mm Hg 
(P=0.074), and MAP was 117±3 and 112±2  mm  Hg 
(P=0.074). Local heating significantly decreased supine 
BP compared with sham control (P<0.001 for treat-
ment effects and for treatment×time interactions for 
comparisons in SBP, DBP, and MAP, 2- way repeated 
measures ANOVA; Figure 1B and 1C). SBP started to 
decrease significantly after 25 minutes of heating, with 
an average reduction of 19±3 mm Hg at 1 hour and 
19±4 mm Hg at 2 hours post- intervention compared 
with 4±3 and 3±4 mm Hg, respectively, with sham con-
trol (P<0.001 for both paired comparisons). The SBP 

Table 1. Patient Characteristics

Parameters, Unit
Protocol 1 

(n=22)
Protocol 2 

(n=12)

Sex, male/female 16/7 8/4

Age, y 73±1 76±2

Body mass index, kg/m2 27±1 27±1

Disease duration, y 7±1 7±1

Diagnosis, % (n)

Pure autonomic failure 64 (14) 75 (9)

Parkinson disease+autonomic failure 32 (7) 25 (3)

Multiple system atrophy 4 (1) …

Medical history of essential hypertension, % (n) 45 (10) 42 (5)

Heat intolerance, % (n) 68 (15) 50 (6)

Supine

Systolic BP, mm Hg 170±5 175±5

Diastolic BP, mm Hg 92±3 89±3

Heart rate, bpm 67±3 62±3

Plasma norepinephrine, pg/mL 132±16 164±31

Upright

Systolic BP, mm Hg 100±7 97±8

Diastolic BP, mm Hg 59±3 58±5

Heart rate, bpm 77±3 77±4

Plasma norepinephrine, pg/mL 199±30 242±42

Data are presented as mean±SEM. Protocol 1, acute hemodynamic 
effects of local heat stress vs sham. Protocol 2, overnight treatment with 
local passive heat vs placebo. BP indicates blood pressure.

Table 2. Autonomic Function Tests and Orthostatic Stress Test

Parameters, Unit Protocol 1 (n=22) Protocol 2 (n=12) Normals*

Orthostatic change in systolic BP, mm Hg −68±6 −77±9 ≤20

Orthostatic change in heart rate, bpm 9±2 13±3 5– 10

Sinus arrhythmia ratio 1.05±0.01 1.06±0.02 1.2±0.1

Depressor response to Valsalva in phase II, mm Hg −69±5 −74±8 ≤20

BP response to Valsalva phase IV, mm Hg† −38±5 −45±5 >20

Valsalva ratio 1.16±0.04 1.21±0.1 1.5±0.2

Values are expressed as mean±SEM. Pressor responses are given as changes in systolic blood pressure (BP).
*Normal values are from the Autonomic Dysfunction Database at Vanderbilt University Medical Center.
†A negative value for phase IV of the Valsalva maneuver indicates that the BP overshoot was absent.
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reduction preceded the increase in Tcore. Similarly, 
DBP had a sustained decrease of 7±1 mm Hg at 1 and 
2 hours of passive heat (versus 2±1 mm Hg at 1 hour 
and 3±2 mm Hg at 2 hours in the sham control group; 

P<0.001 for both paired comparisons), whereas MAP 
decreased by 11±2  mm  Hg at 1 and 2  hours post- 
intervention (versus 3±2 mm Hg at 1 and 2 hours with 
sham control; P<0.001 for both paired comparisons). 
PP also followed the same trend (Figure S1). Baseline 
PP was similar between interventions (heat: 76±3 ver-
sus sham: 72±4  mm  Hg; P=0.131), and significantly 
decreased during the 2  hours of heating compared 
with sham control (−12±2  mm  Hg at 1 and 2  hours 
of heating versus 2±2 and 0±2 mm Hg, respectively, 
with sham control; P<0.001 for both paired compar-
isons) suggesting that the BP reduction during heat 
was driven by a decrease in SV. Thirty minutes after 
removing the heating pad, SBP, DBP, MAP, and PP 
returned to almost baseline values (−3±8, −1±4, −1±2 
and −3±2 mm Hg, respectively).

Systemic hemodynamics were measured in 13 pa-
tients and abdominal and calf skin blood flow and CVC 
in 9 (Table 3 and Figure 2). The heat- induced decrease 
in BP was associated with a significant decrease in 
CO (−15±5%; Figure 2A) and SV (−18±5%) compared 
with sham control, with no significant changes in SVR 
(9±6%) or HR (3±1  bpm). Skin blood flow in the ab-
domen significantly increased with local heating com-
pared with sham control (Figure  2B), whereas calf 
skin blood flow (a site unexposed to heat) was simi-
lar in both groups. Abdominal and calf CVC followed 
a similar trend (Figure 2B). Calf skin temperature did 

Table 3. Systemic and Skin Hemodynamic Changes 
During Acute Local Controlled Passive Heat Stress*

Parameters, Unit

2 h

P Value†Heat Sham

Systemic hemodynamic parameters (n=13)

Systolic blood pressure, mm Hg −17±4 0±4 0.013

Diastolic blood pressure, mm Hg −8±2 1±2 0.008

Mean arterial pressure −11±2 0±2 0.007

Heart rate, bpm 3±1 2±1 0.541

Cardiac output, % −15±5 −2±4 0.013

Stroke volume, % −18±5 −4±4 0.013

Systemic vascular resistance, % 9±6 4±5 0.435

Skin blood flow (n=9)

Abdomen, % 118±58 3±8 0.020

Calf, % 26±6 7±13 0.232

Cutaneous vascular conductance (n=9)

Abdomen, % 143±62 0±4 0.012

Calf, % 39±6 14±18 0.232

Calf skin temperature, °C (n=9) 0.7±0.3 1.0±0.6 0.922

*Data are presented as mean±SEM. The acute effects on systemic and 
skin hemodynamic parameters and calf skin temperature at 2 hours of local 
controlled passive heating (40– 42°C applied over the abdomen and pelvis 
with an electric heating pad) or sham control are expressed as absolute or 
percent changes from baseline.

†The P values were generated by Wilcoxon signed- rank tests or paired t 
tests depending on the data distribution.

Figure 1. Acute effects of local passive heat (Protocol 1).
Changes from baseline in abdominal skin and core body 
temperatures (A), supine systolic blood pressure (ΔSBP, B) and 
diastolic blood pressure (ΔDBP, C) during 2 hours of local heat 
(40– 42°C applied over the abdomen and pelvis with an electric 
heating pad) or sham control. Local passive heat decreased 
supine SBP and DBP and produced a small, but significant, 
increase in core body temperature compared with sham control. 
Values are expressed as mean±SEM. Overall differences were 
analyzed by 2- way repeated- measures ANOVA (P≤0.01 for 
treatment effect and P<0.001 for treatment×time interaction in 
all comparisons). *P<0.001 and †P<0.05 vs sham, adjusted for 
multiple comparisons using Bonferroni correction.
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not significantly increase compared with sham control 
(Table 3).

Protocol 2: Effects of Overnight 
Heat Therapy on Nocturnal Supine 
Hypertension
Baseline supine SBP (8  pm) was similar between 
treatment arms (heat: 166±4 versus placebo: 
162±5  mm  Hg; P=0.371). Overnight heat therapy 
significantly decreased supine SBP compared with 
placebo (P=0.008 for treatment effect and P<0.001 
for treatment×time interaction, 2- way repeated- 
measures ANOVA; Figure  3A), resulting in a maxi-
mal reduction of 28±6  mm  Hg at 4  hours (2  am) 
post- intervention (versus −2±6 mm Hg for placebo; 
P<0.001). MAP and PP also decreased significantly 
during overnight heat, with a maximal reduction of 

15±3 and 20±4 mm Hg, respectively, after 4 hours 
post- intervention (versus −1±4 and 0±5  mm  Hg for 
placebo; P<0.001 for both comparisons; Figure S2). 
DBP followed a similar trend but did not reach signifi-
cance. HR had a similar small decrease during both 
trials (P<0.001 for time effect, P=0.744 for treatment 
effect and P=0.786 for treatment×time interaction), 
with a maximal reduction at 2 hours post- intervention 
in both trials (heat: −4±1 and placebo: −5±2  bpm). 

Figure 2. Acute effects of local controlled passive heat on 
systemic and skin hemodynamics (Protocol 1).
A, Percent changes from baseline in systemic hemodynamic 
parameters at 2  hours of controlled passive heating (40– 42°C 
applied over the abdomen and pelvis with an electric heating 
pad) or sham control. Local passive heat significantly decreased 
cardiac output (CO) and stroke volume (SV) compared with 
sham control, whereas systemic vascular resistance (SVR) 
and heart rate (HR) were similar between groups. B, Percent 
changes from baseline in abdominal and calf skin blood flow 
(skin BF) and cutaneous vascular conductance (CVC) at 2 hours 
post- intervention. Compared with sham control, passive heat 
significantly increased local skin BF and CVC in the abdomen 
(directly under the heating pad) but had no significant effect in 
the calf, a distal site not exposed to the heating source. Values 
are expressed as mean±SEM. *P<0.05 vs sham.

Figure 3. Effect of overnight heat therapy on nighttime BP 
(Protocol 2).
A, The time course of the change in systolic blood pressure 
(ΔSBP) in patients with autonomic failure and nocturnal supine 
hypertension. Passive heat (38°C) was applied with a water- 
perfused heating pad placed under the patient’s torso and 
proximal thighs from 10  pm to 6  am (bold line). Changes from 
baseline (8 pm) in supine SBP (∆SBP) are expressed as mean±SEM. 
Overnight heat therapy decreased SBP compared with placebo 
(P<0.01 for treatment effect and treatment×time interaction, 2- 
way repeated measures ANOVA). *P<0.01 vs placebo, adjusted 
for multiple comparisons using Bonferroni correction. B, The 
relation between the depressor response to overnight heat 
therapy (calculated as the difference in the supine SBP at 4 am 
between heat and placebo nights, ∆SBP4AM) and the change in 
orthostatic tolerance the morning after heat treatment (estimated 
as the difference in the area under the curve of standing SBP 
between overnight heat therapy and placebo groups, ∆AUCSBP). 
Patients with greater reductions in supine SBP with overnight 
heat had greater improvements in morning orthostatic tolerance.

A

B
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Overnight heat therapy had no significant effect on 
sublingual temperature when compared with placebo 
(P=0.052 for time effect, P=0.736 for treatment ef-
fect and P=0.919 for treatment×time interaction). The 
change from baseline in sublingual temperature at 2 
AM (time of maximal BP reduction) was −0.1±0.1°C 
(36.6±0.1°C) versus −0.2±0.1°C (36.5±0.1°C) with 
placebo.

Nocturnal urine volume was collected in 11 pa-
tients; 1 patient did not collect urine because of in-
continence. There was no difference in nocturnal urine 
volume between trials (heat: 964±168 versus placebo: 
993±139 mL; P=0.999). Morning orthostatic tolerance, 
estimated as the area under the curve of standing SBP 
during a 10- minute test in the 10 patients who were 
able to stand after both treatment arms, did not differ 
between treatments (heat: 497±106 versus placebo: 
433±121 mm Hg×minute; P=0.350). In a post hoc anal-
ysis, we assessed if the magnitude of the depressor 
response to overnight heat (defined as the difference 
in the supine SBP at 4 am between heat and placebo 
nights) correlated with the nocturnal urine volume and 
with the change in orthostatic tolerance the morning 
after. We found a trend toward a positive correlation 
between the SBP response to overnight heat and noc-
turnal urine volume (P=0.072, r=0.57), and a significant 
negative correlation with the change in morning ortho-
static tolerance (estimated as the difference in area 
under the curve of standing SBP between treatments, 
P=0.007, r=−0.76; Figure 3B), suggesting that patients 
with greater reductions in supine SBP with overnight 
heat had lower nocturnal urine volumes and greater 
improvement in morning orthostatic tolerance.

Adverse Events
All participants tolerated well the acute and overnight 
heat therapy. No adverse events were reported by 
participants. There were no signs of burn injuries or 
skin irritation during studies. No participant requested 
to lower the temperature or remove the heating pad 
before study completion, and none reported difficulty 
sleeping during studies with overnight heat therapy.

DISCUSSION
The main findings of this study were that (1) acute appli-
cation of low levels of local passive heat to AF patients 
with supine hypertension had a profound BP- lowering 
effect with a rapid onset of action and recovery; (2) this 
BP effect was associated with local skin vasodilation 
and reductions in CO and SV; (3) when applied for 
8 hours overnight, local heat lowered nocturnal BP, in a 
magnitude comparable to that of pharmacologic anti-
hypertensive treatment we have previously studied; (4) 
nocturnal urinary loss or morning orthostatic tolerance 

did not improve with overnight heat therapy in the over-
all group, but these parameters improved in patients 
with greater BP responses to overnight heat; and (5) 
nocturnal body temperature was not significantly af-
fected by overnight heat application. Taken together, 
overnight heat therapy may offer a novel nonpharma-
cologic approach to treat the nocturnal supine hyper-
tension of AF, but future studies are needed to assess 
the long- term efficacy and safety of this approach.

In healthy subjects, local passive heating increases 
skin blood flow by 2 independent mechanisms: an ini-
tial brisk vasodilation mediated by local sensory nerve 
activity followed by a slower prolonged vasodilation 
predominantly because of release of endothelial nitric 
oxide.32,33 If heating is intense enough to increase core 
temperature, a compensatory sympathetically medi-
ated reflex skin vasodilation occurs in nonheated areas 
to allow for heat dissipation.12,13,15,28 This can result in 
large increases in skin vascular conductance and re-
ductions in effective circulatory volume and cardiac 
preload.34 BP, however, is normally maintained be-
cause of sympathetically mediated reductions in blood 
flow and volume in the splanchnic and renal vascula-
ture and increases in HR and CO.14 These compen-
satory autonomic mechanisms, critical to maintaining 
normotension during heat stress, are impaired in pa-
tients with AF. Furthermore, heat dissipation is also 
impaired in AF because sweating is abolished or sig-
nificantly decreased.35 On the other hand, nitric oxide- 
dependent local skin vasodilation induced by heat is 
largely preserved.33,36 Thus, heat- induced skin vaso-
dilation uncoupled from compensatory hemodynamic 
responses may cause acute reductions in BP. This 
is compounded by the severe baroreflex impairment 
characteristic of AF, evidenced by the marked pressor 
and depressor responses to stimuli that would nor-
mally produce little, if any, effect in healthy subjects. 
For example, upright posture lowered systolic BP by 
68 to 77 mm Hg in our patients. Meals also have a sim-
ilar dramatic hypotensive effect, whereas water drink-
ing can produce substantial increases in BP.26,37,38 
This constellation of factors, therefore, may explain 
why these patients complain of severe worsening of 
their orthostatic symptoms when exposed to ambient 
heat.16

The purpose of this study was to assess whether 
we can take advantage of this phenomenon to de-
velop a novel treatment for supine hypertension in 
AF. We chose local passive heating instead of whole- 
body heating because of our interest in finding a 
practical treatment option and because local passive 
heat has the potential safety advantage that body 
parts unexposed to heat would allow for heat loss, 
and thus, minimize the risk for hyperthermia.15 We 
found that local passive heating acutely produced 
a profound reduction in supine BP (Protocol 1). This 
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effect had a rapid onset and offset of action (≈30 min-
utes after application and removal of heat) and does 
not appear to require increases in Tcore because 
the BP decreased before any significant change in 
Tcore. Because the BP reduction was associated 
with a decrease in PP, SV, and CO, we speculate that 
these hemodynamic changes were primarily driven 
by an uncompensated reduction in cardiac preload. 
Indeed, HR did not change during passive heating 
whereas local skin blood flow and CVC increased, 
consistent with previous studies.33,36 Furthermore, 
absence of contraction of resistance and capaci-
tance vessels in the splanchnic circulation may have 
contributed to the decrease in SV during passive 
heating, as suggested by studies in animals under-
going celiac sympathectomy or ganglionic blockade 
that showed attenuated contraction of these vessels 
during whole- body heating.39,40 We did not observe a 
decrease in SVR and the reason for this finding is not 
apparent from our studies. Skin blood flow and CVC 
increased only in areas exposed to heat (abdomen) 
but not in areas distal from the heating source (calf), 
suggesting that the sympathetically mediated reflex 
skin vasodilation was either impaired or not engaged 
by the relatively small increase in Tcore (0.4°C) ob-
served in our patients.15 It is possible, therefore, that 
the area of local skin vasodilation induced by heat 
in our patients was not large enough to be reflected 
in SVR. Additional studies are required to define the 
contribution of resistance and capacitance changes 
in the skin vasculature to the large BP- lowering effect 
of heat in patients with AF.

Based on the findings In Protocol 1, we de-
signed a proof- of- concept study to assess the effi-
cacy of overnight heat therapy for the treatment of 
supine hypertension in AF (Protocol 2). We used a 
lower level of passive heat (38°C) for the overnight 
studies because it has been shown to be safe, well 
tolerated, and able to induce local skin vasodila-
tion.28,29 while minimizing the risk of hyperthermia 
and low- temperature burns due to the prolonged 
heat exposure.41 We found that overnight heat ther-
apy was effective in controlling nocturnal hyperten-
sion. The magnitude of this effect, with a trough of 
≈28±6 mm Hg in supine SBP, is equivalent to many of 
the antihypertensive medications we have previously 
tested (Figure  4).5,7– 11 Importantly, BP was restored 
to baseline values by the next morning. The inter-
vention was well tolerated, and no safety concerns 
were identified. Overnight heat did not prevent the 
normal decrease in nighttime body temperature, an 
important observation relevant to the safety of this 
approach. Disappointingly, nocturnal urinary loss 
or morning orthostatic tolerance were not improved 
when analyzing the study population as a whole. 
Nonetheless, we found that patients with greater BP 

reductions with overnight heat reduced nocturnal di-
uresis and improved orthostatic tolerance the next 
morning. This conclusion, however, has the limitation 
of being derived from a post hoc analysis.

Supine hypertension not only increases the risk 
for cardiac and renal end- organ damage3,4 but also 
induces nocturnal pressure natriuresis, resulting in 
volume depletion and worsening of morning OH.5 
Because supine hypertension coexists with OH in 
the majority of patients with AF,19 effective treatment 
of one is often achieved at the expense of the other. 
Treatment of OH with pressor agents, with few ex-
ceptions, produces greater increases in supine than 
in standing BP,37 whereas pharmacologic treatment 
of supine hypertension can worsen OH. Thus, it has 
been argued that treatment of OH should be prior-
itized over treatment of supine hypertension.6 The 
reluctance to treat supine hypertension would be 
overcome if we found a therapy that can effectively 
lower BP during the night and the effects rapidly 
reversed the next morning, so that the reduction in 
pressure diuresis and volume loss would improve 
daytime OH. Sleeping in a head- up tilt position is one 
such therapy42; however, the degree of tilt required to 
effectively reduce BP limits the usefulness of this ap-
proach. Our results suggest that local heat provides 
a novel treatment option for this condition. It com-
pares favorably with medications previously tested; 
several agents effectively lower nocturnal BP in 
these patients such as nitroglycerin, sildenafil, clon-
idine, nebivolol, losartan, nifedipine, and eplerenone 
(Figure 4).5,7– 11 Of these, only clonidine and losartan 

Figure 4. Maximal BP- lowering effects of pharmacologic 
treatment for nocturnal supine hypertension and overnight 
heat therapy.
Maximal reductions from baseline in nocturnal supine systolic BP 
(ΔSBP) were measured after a single dose of placebo pill, 0.1 mg/
hour nitroglycerin patch,11 0.1 mg clonidine PO,11 50 mg losartan 
PO,7 5 mg nebivolol PO,10 25 mg sildenafil PO,10 30 mg nifedipine 
PO,5 and 50 mg eplerenone PO8 given at 8 pm. Local heat therapy 
(38°C) was applied from 10 pm to 6 am. The maximal reduction 
in nocturnal supine SBP during local heat was similar to that of 
pharmacological therapy. Values are expressed as mean±SEM.
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reduced nocturnal sodium excretion, and none im-
proved morning OH.7,11

Several studies in hypertensive and heart failure 
patients have shown that frequent, short- term expo-
sure to high levels of environmental heat (eg, sauna 
baths) is a relatively safe intervention that may be 
associated with reduced cardiovascular risk and 
improved hemodynamic function, including BP re-
duction.43,44 These observations, however, cannot 
be extrapolated to our study population given the 
unique clinical characteristics of autonomic failure. In 
addition, our study has some limitations that should 
be considered before recommending local heat as a 
therapeutic option but at the same time open oppor-
tunities for further research. First, despite the large 
BP decrease, the effect on nocturia and morning OH 
was not consistent. The sample size was too small 
to identify predictors of response to overnight heat. 
Nonetheless, local heat compares favorably against 
all the pharmacological agents previously tested. 
Second, for safety reasons we used a medical- grade 
device to apply overnight heat, which may be imprac-
tical for home use. Several types of heated mattress 
pads, which operate within the range of tempera-
tures used in this study, are available for general use 
but translating our findings into clinical practice will 
require further studies to assess safety and efficacy 
under real- life conditions, chronic use, and its effects 
when combined with other pharmacologic and non-
pharmacologic approaches. Finally, the majority of 
our participants had peripheral forms of AF. Thus, 
we have not determined whether this approach was 
effective in patients with multiple system atrophy in 
whom supine hypertension is driven by residual sym-
pathetic tone.45

CONCLUSIONS
In conclusion, our results confirmed the importance 
of the autonomic nervous system in the maintenance 
of BP during passive heat stress. In patients with AF 
and supine hypertension, even low levels of local pas-
sive heating produced an acute and reversible BP 
reduction that was effective in controlling their noctur-
nal hypertension. Heat application was well tolerated, 
and under the controlled conditions of our study, no 
safety concerns were identified. In a post hoc analysis, 
patients with greater decreases in nocturnal BP also 
showed a reduction in nocturia and improvement in 
early morning orthostatic tolerance. Therefore, over-
night heat therapy may offer a novel nonpharmaco-
logic approach to treat the supine hypertension of 
AF, but further research is needed to translate these 
findings to clinical practice and to assess the long- 
term efficacy and safety of this approach. Autonomic 

failure provides a unique human model to examine BP 
regulation in the absence of autonomic influences. 
Thus, our findings not only have important implica-
tions for the treatment of these patients but also may 
have an impact on our understanding of the role of 
the autonomic nervous system in the cardiovascular 
responses to heat stress.
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SUPPLEMENTAL MATERIAL 
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Changes from baseline in pulse pressure (ΔPP) during 2 hours of local heat (40-42ºC applied 

over the abdomen and pelvis with an electric heating pad) or sham control. Local passive heat 

significantly decreased supine PP compared with sham control. Values are expressed as mean

±SEM. Overall differences were analyzed by 2-way repeated-measures ANOVA (P≤0.01 for 

treatment effect and treatment*time interaction). *P<0.001 versus sham or placebo, adjusted for 

multiple comparisons using Bonferroni correction. 
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Figure S1. Acute effect of local passive heat on supine pulse pressure (Protocol 1). 



 Changes from baseline (8 PM) in supine 

mean arterial pressure (ΔMAP, A) and PP 

(∆PP, B) in autonomic failure patients with 

nocturnal supine hypertension. Passive heat 

(38ºC) was applied with a water-perfused 

heating pad placed under the patient’s torso 

and proximal thighs from 10 PM-6 AM (bold 

line). Overnight heat therapy significantly 

decreased supine MAP and PP compared with 

placebo. Values are expressed as mean±SEM. 

Overall differences were analyzed by 2-way 

repeated-measures ANOVA (P=0.038 for 

treatment effect and P=0.029 for 

treatment*time interaction in Panel A; P≤0.01 

for treatment effect and treatment*time 

interaction in Panel B). 

*P<0.001 and †P<0.05 versus sham or 
placebo, adjusted for multiple comparisons 
using Bonferroni correction.
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Figure S2. Effects of overnight heat therapy on nighttime blood pressure 
(Protocol 2).


