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BLOOD PRESSURE INCREASES IN OSA: IMPACT OF CPAP

Blood Pressure Increases in OSA due to Maintained Neurovascular Sympathetic
Transduction: Impact of CPAP
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Study Objectives: To test the hypothesis that greater resting sympathetic activity in obstructive sleep apnea (OSA) syndrome would not induce
a lesser sympathetic neurovascular transduction.

Design: Case-controlled cohort study.

Participants: 33 patients with newly diagnosed OSA without comorbidities and 14 healthy controls.

Interventions: 6 months of continuous positive airway pressure (CPAP) treatment for OSA patients and follow-up for 9 healthy controls.
Measurements and Results: We assessed resting sympathetic outflow and sympathetic neurovascular transduction. Sympathetic activity was
directly measured (microneurography) at rest and in response to sustained isometric handgrip exercise. Neurovascular transduction was derived
from the relationship of sympathetic activity and blood pressure to leg blood flow during exercise. Despite an elevated sympathetic activity of
~50% in OSA compared to controls, neurovascular transduction was not different (i.e., absence of tachyphylaxis). After six months of CPAP, there
were significant declines in diastolic pressure, averaging ~4 mm Hg, and in sympathetic activity, averaging ~20% with no change in transduction.
Conclusions: Greater sympathetic activity in obstructive sleep apnea does not appear to be associated with lesser neurovascular transduction.
Hence, elevated sympathetic outflow without lesser transduction may underlie the prevalent development of hypertension in this population that
is well controlled by continuous positive airway pressure treatment.

Keywords: obstructive sleep apnea, sympathetic nervous system, hypertension, continuous positive airway pressure, arterial blood pressure
Citation: Tamisier R, Tan CO, Pepin JL, Levy P, Taylor JA. Blood pressure increases in OSA due to maintained neurovascular sympathetic

transduction: impact of CPAP. SLEEP 2015;38(12):1973-1980.

INTRODUCTION

Obstructive sleep apnea syndrome (OSAS) is increasingly
recognized as a significant health hazard for a substantial
portion of the adult population primarily because of its as-
sociation with several serious cardiovascular disorders." Al-
though it remains uncertain what facilitates cardiovascular
disease in the apneic patient, OSAS is recognized as a risk
factor for the development of hypertension and a primary
etiology for secondary resistant hypertension.** Thus, the
development of hypertension is the key initiating factor that
results in the comorbidities of ischemic stroke, cardiac isch-
emia, and chronic heart failure.*®* Moreover, elevated tonic
sympathetic outflow to the vasculature elicited by sleep
apnea persists into the waking daytime hours, and this, at
least in part, mediates the elevated pressure seen in those
with OSAS.” In fact, OSAS is now presented as a model
of neurogenic hypertension.”” Hence, understanding the
mechanisms underlying sustained sympatho-excitation in
OSAS may provide new strategies to prevent and mitigate
the accompanying cardiac and vascular disease associated
with neurogenic hypertension. Moreover, continuous posi-
tive airway pressure (CPAP), which is the reference treat-
ment for the OSAS patient, has a major effect in preventing
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the development of hypertension,'" and it would be important
to identify a mechanism for this effect.

Prior work suggests that vascular sympathetic outflow is
increased even in those who are otherwise healthy but have
OSAS."%1* Hence, the increase in tonic sympathetic activity
appears to be due to OSAS per se. Interestingly, the 50% to
100% greater sympathetic activity in OSAS compared to age-
matched controls' may not be accompanied by alterations in
resting limb blood flow.” Although this fits with data sug-
gesting a functional downregulation of sympatho-adrenergic
a-receptors in those with OSAS,! it may also indicate one im-
portant mechanism for sustained sympathoexcitation: reduced
sympathetic neurovascular transduction (i.e., a sustained
tachyphylaxis)”” that in turn results in elevated outflow to ef-
fect appropriate hemodynamic control.”® For example, healthy
older individuals demonstrate greater sympathetic activity
than young healthy individuals that is proportional to their
lower sympathetic neurovascular transduction.'” Hence, an ap-
propriate response to sympatho-excitation appears to be a de-
crease in sympathetic neurovascular transduction, which may
subserve a regulatory function to maintain blood pressure.

We sought to determine if the ability of sympathetic ner-
vous activity to control limb blood flow is impaired by the
pathophysiology of OSAS and whether this impairment may
be a trigger that promotes the elevation in blood pressure. In
addition, we sought to determine if CPAP effectively treats
sympathetic overactivity in those with OSAS without car-
diometabolic comorbidities, and if this is accompanied by an
increase in sympathetic transduction and hence no change in
blood pressure. We assessed resting sympathetic outflow and
sympathetic neurovascular transduction in individuals newly
diagnosed with OSAS but without other cardiometabolic

1973  Sympathetic Neurovascular Transduction in Sleep Apnea—Tamisier et al.



comorbidities and in a control group of age-matched healthy
individuals. In addition, we examined a subgroup of individ-
uals with OSAS six months after treatment with CPAP. We
hypothesized that the greater resting sympathetic activity in
normotensive individuals with OSAS would relate to lesser
transduction and that a decline in sympathetic activity after
CPAP would result in increased transduction and hence main-
tain (normotensive) blood pressure.

METHODS

Subjects

Individuals with OSAS aged 24-76 years (n = 33; 91% male)
were recruited from those reporting to a sleep clinic with the
complaint of snoring and or sleepiness and with subsequent
confirmation of sleep apnea after full polysomnography. Con-
tinuous recordings were taken with electrode positions C3/
A2-C4/A1-Cz/O1 of the international 10-20 electrode place-
ment system, eye movements, chin electromyogram, and ECG
with modified V2 lead. Sleep was scored manually according
to standard criteria.”® Airflow was measured mainly with nasal
pressure (nasal cannula) and completed by the sum of oral and
nasal thermistor signals. Respiratory efforts were monitored
with abdominal and thoracic bands. An additional signal of re-
spiratory effort (i.e., pulse transit time) was recorded concur-
rently. Oxygen saturation was measured using a digital pulse
oximeter. An apnea was defined as a complete cessation of
airflow > 10 s and a hypopnea as reduction > 50% in the nasal
pressure signal or a decrease between 30% and 50% associated
with either oxygen desaturation > 3% or EEG arousal defined
by the Chicago report® and the latest AASM statement,?® both
lasting > 10 s. Apneas were classified as obstructive, central, or
mixed according to the presence or absence of respiratory ef-
forts, on pulse transit time*? and shape of the respiratory curve
of nasal pressure (flow limited aspect or not).?> AHI was cal-
culated and defined as the number of apneas and hypopneas
per hour of sleep (full polysomnography). Sleep apnea was
defined as an apnea-hypopnea index (AHI) > 15/h of sleep
since this rule of scoring with a nasal cannula are much more
sensitive. Subsequently, all OSAS patients were screened for
cardiovascular and metabolic disease based on medical history,
clinical exam, office blood pressure (to exclude hypertensive
patients, i.e., those with systolic and diastolic blood pressure
over 140 mm Hg and 90 mm Hg obtained as the average of
the 3 measurements during an office session), and fasting glu-
cose. Age-matched control subjects (n = 14) were recruited
from the general population and completed a full polysom-
nography with an AHI < 10/h of sleep. All subjects were non-
smokers, and free of elevated resting blood pressures and overt
autonomic or cardiovascular diseases. All subjects provided
written informed consent approved by the ethical committee
at the Grenoble University Hospital Center (protocol number
NCT00764218).

Protocol and Measurements

A standard 3-lead electrocardiogram was recorded con-
tinuously throughout the study. Beat-by-beat arterial blood
pressure via finger photoplethysmography (CNAP 500, CN-
Systems, Austria) was measured and was calibrated against
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oscillometric brachial pressures measured throughout the
study session (automatic device calibration). Multiunit post-
ganglionic muscle sympathetic activity was recorded from the
peroneal nerve.* Neural activity was amplified, and band pass
was filtered, rectified, and integrated to create the sympathetic
neurogram for real-time inspection. The raw, unfiltered neu-
rogram was recorded at 10 kHz for processing using our algo-
rithm for identification of sympathetic nerve signals.? Subjects
were instrumented for measurement of blood flow velocity in
the popliteal artery (4-MHz probe; EZdop, DWL) at the pop-
liteal fossa of the leg contralateral to the nerve recording. All
signals were digitized and stored (Windaq, DATAQ Instru-
ments, or PowerLab, ADInstruments) for subsequent analysis.

Subsequent to instrumentation, each subject’s maximal vol-
untary handgrip force was determined from > 3 maximal con-
tractions on a handgrip dynamometer. After acquisition of a
suitable sympathetic nerve recording, a 5-min resting baseline
recording was obtained. Subjects then performed sustained
isometric handgrip exercise with the dominant hand to fatigue.
Target force was displayed on an oscilloscope and set at 35% of
the mean of the 2 greatest maximal contractions for the hand.
Continuous visual and auditory feedback (from the investiga-
tors) was provided to subjects to ensure maintenance of target
force. Force was maintained until this level could no longer be
achieved. The point of exhaustion was defined as a decrease in
handgrip force > 10% below target level for > 2 s despite con-
tinued verbal encouragement and the attainment of a maximal
perceived exertion. During exercise, breathing was monitored
to ensure that no Valsalva maneuvers (breath-holding strains)
were performed.

CPAP Intervention and Follow-Up

Patients with diagnosed OSAS were offered the opportu-
nity to receive CPAP treatment for 6 months as part of the re-
search protocol. Of the 33 OSAS patients, 4 refused treatment,
4 received CPAP but did not complete the follow-up visit, and
2 preferred treatment via a mandibular advancement device.
Those who did and did not receive CPAP did not differ in age
(50.7+2.2 and 52.7 + 3.0), body mass index (BMI; 25.7 £ 0.6 vs.
25.7+0.7), sleep AHI (33.3 £ 3.6 vs. 35.2 + 6.1), or oxygen sat-
uration (94.5% =+ 0.3% vs. 94.0% =+ 0.5%). To assess stability of
our measures over time, 9 of the age-matched healthy controls
were also studied again after 6 months. Of 14 healthy controls,
5 declined to participate in the follow-up study (see Figure 1).

Data Analysis

Sympathetic activity was analyzed as described previ-
ously® to obtain a clean representation of nerve activity in
the form of a spike train that would provide necessary time
resolution for accurate assessment of the relation between
sympathetic activity and blood flow. We derived sympathetic
neurovascular transduction for each subject from the sympa-
thetic, arterial pressure, and popliteal flow signals sampled at
4 Hz, as previously described.”” This approach entails a linear
transfer function model analogous to Poiselle’s Law and
produces reliable and interpretable parameters. The time-
dependent transfer function between sympathetic nerve ac-
tivity and blood flow was estimated for each individual, and
the strength of the relation (i.e., gain of the transfer function)
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Figure 1—Subject enrollment and study design.

between sympathetic activity and blood flow was then quan-
tified as the total area under the transfer function. It should
be noted that simple derivations of either vascular resistance
or vascular conductance provided markedly lower explained
variance than the above approach.”” Since basal blood flow
to the muscle is generally proportional to the tissue volume,
inter-individual differences in body size and composition
may confound assessment of sympathetic neurovascular
transduction. To account for differences in tissue volume
when assessing sympathetic neurovascular transduction, we
normalized blood flow velocity for each individual to the flow
velocity during supine rest, as described previously.”” All
data were analyzed using custom-written software in Matlab
(Mathworks, Natick, MA).

Statistics

Group comparisons between healthy individuals and OSAS
patients were performed via one-way analysis of variance
(ANOVA). Comparison within healthy individuals (0 vs 6
months) and within OSAS patients (before vs after 6 months of
CPAP treatment) were performed via one-way repeated mea-
sures ANOVA. Conformity of the data to statistical assumptions
that underlie ANOVA was verified via standard statistical tests.
Correlations of sympathetic transduction gain to mean arterial
pressure and to resting sympathetic activity were explored and
when a significant relation was observed, linear and nonlinear
regressions were explored. A P value < 0.05 was considered
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Table 1—Subject characteristics.
Healthy (n=14) OSAS (n = 33)

Age, years 49+238 52+1.9
BMI, kg/m? 24407 258+0.5
Apnea-hypopnea index, #/h 71+12 34.0 £ 3.6*
Heart rate, beats/min 50+2 60+ 1
Systolic pressure, mm Hg 122.8+5.2 1242 +24
Diastolic pressure, mm Hg 76.4 £33 786+18
Leg blood flow, mL/min 59+05 6.0£0.3
Leg vascular resistance 17.0+£15 171+£1.0

*P < 0.05 healthy vs. OSAS.

significant and all data are presented as means =+ standard error
of the mean (SEM).

RESULTS

Subject characteristics are shown in Table 1. BMI ranged
from 19.2 to 30.9 kg/m? in the OSAS patients and from 20.3 to
28.4 kg/m? in the healthy controls. The distribution of values
was similar in the 2 groups and average BMI did not differ.
Only resting sympathetic activity was different between those
with and without OSAS; sympathetic activity was elevated by
~50% in OSAS compared to the age-matched control group
(P < 0.05; Figure 2).

The relationship of blood flow to both blood pressure and
sympathetic activity during the isometric handgrip exercise
was well-described by the sympathetic neurovascular trans-
duction assessment. The explained variance averaged 67% in
the OSAS and 68% for the age-matched healthy controls. As
shown in Figure 2, despite the markedly higher sympathetic
activity, sympathetic transduction was similar between the
OSAS and healthy controls. Moreover, despite both higher
sympathetic activity and similar sympathetic transduction,
diastolic pressure did not differ between OSAS and healthy
control groups (Figure 2). Within the OSAS group, sympa-
thetic activity did not relate to AHI severity and had only a ten-
dency to relate to sympathetic transduction (r = 0.33, P = 0.12),
whereas diastolic pressure was significantly related to leg vas-
cular resistance (r = 0.55, P =0.002).

In the 23 individuals who agreed to 6 months of CPAP treat-
ment, compliance averaged 4.5 h/night, but ranged widely from
noncompliance (0 h/night, n=4) to essentially full compliance (>
6 h/night, n= 11). Nonetheless, AHI declined on average by 73%,
from 32.3 +£ 3.6 to 7.1 £ 1.3. After 6 months of CPAP, there were
significant declines in diastolic pressure, averaging ~4 mm Hg,
and in sympathetic activity, averaging ~20% (Table 2; Figure 3).
There was no significant effect of CPAP on sympathetic neuro-
vascular transduction (Table 2). There was no relation between
the change in sympathetic nerve activity and CPAP compliance
and either absolute or relative change in AHI, suggesting that
the effect of CPAP on sympathetic activity was not dose depen-
dent. This is consistent with the fact that the level of sympathetic
activity prior to treatment was not related to AHI severity. There
was essentially no change in any other variable over 6 months
in the age-matched healthy controls. As in the larger group of
OSAS patients, the subgroup receiving CPAP demonstrated
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only a tendency for a relationship between sympathetic activity
and sympathetic transduction prior to treatment; however, the
decline in sympathetic activity after treatment resulted in a
closer relation between the level of sympathetic activity and

[ )
100 - o
1% °
2 90 o $
2 0]
=2
SE 80 A -
SE § § P=0.56 (]
: !
% 70 5 :
5
60 - 8 °
[ )
g’ 2000 H
° .
L c i [ ]
§E 1500 s
=)
g8 ¢ )
€% 10004 8  P=0.003 i
2 5 g
] 500 - S !
0]
(0]
9
-0.0025 - i
0
g ®
5 . ] g
g 0o Q P=047 o
- :
22 .0.0125 - |
g8 8
LL [
TE  -0.0175
7
Q.
% -0.0225 -
-0.0275 .
Healthy OSAS

Figure 2—Diastolic blood pressure, resting sympathetic nerve activity,
and sympathetic neurovascular transduction in patients with OSAS and
age-matched controls.

sympathetic transduction (Figure 4). In addition, there was a
relation between diastolic pressure and leg vascular resistance
prior to CPAP treatment, but the strength of this relation was
roughly halved after treatment (Figure 5). Given these relations
and their changes, we performed a multiple linear regression on
the pretreatment and posttreatment data to explore potential al-
terations in the determinants of diastolic pressure due to CPAP
treatment. Diastolic pressure was regressed on AHI, leg vas-
cular resistance, sympathetic activity, sympathetic transduction,
and the interaction between sympathetic activity and transduc-
tion. Prior to CPAP treatment, all variables provided significant
explanatory power for the level of diastolic pressure with an
overall r-square of 0.60 at a P value of 0.007. However, after
CPAP treatment, AHI no longer provided explanatory power for
the level of diastolic pressure, and although the other variables
still had predictive value, the overall r-square was lesser (0.37)
with a P value of only 0.08.

DISCUSSION

Our results suggest that the elevated sympathetic activity
associated with OSAS does not result from lesser sympathetic
neurovascular transduction. Although our OSAS patients were
not hypertensive according to either laboratory measurements
or ambulatory monitoring, they demonstrated sympathetic
activity that was significantly higher than their healthy coun-
terparts. A comparably normotensive pressure with elevated
sympathetic activity in OSAS would seem incompatible with a
sympathetic transduction similar to healthy subjects. However,
the data from CPAP treatment provided insight to this apparent
incongruency. After six months of treatment, reductions in
nighttime apneic events not only resulted in the expected de-
cline in sympathetic activity, but also a decrease in arterial
pressure. These data indicate that despite pressures similar to
healthy controls at baseline, the elevated sympathetic activity
coupled with similar neurovascular transduction in the OSAS
group did drive pressure to higher levels, though it remained
within the normotensive range. Hence, contrary to our hypoth-
esis, the decline in sympathetic activity after CPAP did not
alter transduction but did reduce (the already normotensive)
blood pressure.

Our findings are particularly intriguing, given that we
studied individuals who were newly diagnosed with OSAS

Table 2—Hemodynamic variables measured 6-months apart (healthy volunteers) or before and after 6 months of CPAP therapy (OSAS patients).
Healthy (n =9) OSAS (n=23)
Pre 6-months Post 6-months Pre CPAP Post CPAP

AHI (#/h or sleep) 7117 6.5+1.6 341 £19.7" 451467
Mean sleep SpO, (%) 943+04 9480471 947+0.3 95.5+0.37
Heart rate (bpm) 572 56 + 1 58 1 59 +1
Systolic pressure (mm Hg) 1154 +45 1189+ 6.1 123.3+29 1195+25
Diastolic pressure (mm Hg) 718+ 3.1 71.0+£3.0 766+ 1.9 726+221
Sympathetic activity (spikes/min) 842 + 142 764 + 88 1233 £ 114 994 £ 777
Leg blood flow (cm/s) 6.3+0.7 5607 56+03 57+04
Leg vascular resistance 151+£15 174+£23 178+ 1.1 16.8+1.0
Sympathetic transduction (cm/s/spike) 0.0061 +0.0011  -0.0055 + 0.0009 -0.0050 £ 0.0001  -0.0060 + 0.0018

*P < 0.05 healthy vs OSAS, TP < 0.05 pre versus post.
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and had no other comorbidities that might elevate sympathetic
activity or increase risk for hypertension. Indeed, individuals
with existing elevated pressure were intentionally excluded
from the study. Although several prior studies have demon-
strated an elevated muscle sympathetic nervous activity in
those with OSAS, most included individuals who were obese,
smokers, had metabolic syndrome, diabetes, heart failure, or
established hypertension.'*?¢** Each of these comorbidities
can elevate sympathetic activity and it is unclear how they
might interact with OSAS to alter the hemodynamic profile.
There is only one prior published study with a lean OSAS pop-
ulation comparable to our own. Grassi et al.'” found that lean
individuals without elevated blood pressures but with OSAS
demonstrate sympathetic activity ~50% higher than those
without OSAS. However, this prior work did not explore the
impact of treatment and so, unlike the current findings, did not
provide any perspective on how elevated sympathetic activity
might relate to the hemodynamic profile.

There may be several potential mechanisms for the sus-
tained sympatho-excitation in OSAS, among them augmented
peripheral chemoreceptor stimulation®® and impaired baro-
reflex restraint® of sympathetic tone. Indeed, prior work has
demonstrated that two weeks of intermittent hypoxic exposure
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impairs baroreflex restraint and increases both peripheral che-
moreceptor sensitivity and sympathetic activity.’” However,
our data do not lend themselves to exploration of either baro-
reflex or chemoreflex control of sympathetic outflow. We rea-
soned that in response to a sustained sympathoexcitation in the
absence of overt increases in blood pressure, those with OSAS
would demonstrate lower sympathetic neurovascular trans-
duction. This would fit with prior work suggesting an attenu-
ated vasoconstriction with extrinsically applied a-adrenergic
receptor stimulation in normotensive patients with OSAS.'"
However, we found that neurovascular transduction was no
different between those with OSAS and their matched healthy
controls. Hence, the increased sympathetic activity in those
with OSAS but without elevated pressure does not subserve a
regulatory function to maintain blood pressure by countering
lower sympathetic neurovascular transduction.

In fact, CPAP treatment revealed that the higher sympa-
thetic activity coupled with unaltered transduction resulted
in greater resting blood pressure at baseline, despite no ob-
vious hypertension in those with OSAS. These findings con-
trast with Narkiewicz et al.,*® who found reduced sympathetic
activity without reduced pressure after six months of CPAP
treatment in normotensive OSAS patients. However, it should
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be noted that these individuals were obese (BMI 33 + 5 kg/
m?) and gained weight over the 6-month treatment period. The
OSAS patients we studied were all within normal weight (no
BMI above 30 kg/m?) and remained within that weight over
the 6 months of treatment. In fact, these are the first data
on the effect of CPAP on sympathetic activity in those with
newly diagnosed OSAS without any other comorbidity. Our
results suggest that the hyper-sympathetic state resulting from
OSAS results in an unrecognized form of “pre-hypertension.”
Though these individuals did not demonstrate a blood pres-
sure clinically defined as pre-hypertension, CPAP treatment
revealed that their hyper-sympathetic state at baseline was
driving blood pressure to higher levels within the normoten-
sive range.

After receiving CPAP, the relationship between sympathetic
activity and sympathetic transduction became closer in those
with OSAS. This suggests that, prior to treatment, the higher
tonic sympathetic outflow was inappropriate to or actually
exceeded the level of neurovascular transduction. Hence, we
found that the level of leg vascular resistance, which is sympa-
thetically driven, directly related to greater diastolic pressure
prior to CPAP. After CPAP, with a decrease in sympathetic
outflow that is in closer alignment to neurovascular transduc-
tion, leg vascular resistance was a lesser determinant of dia-
stolic pressure. In addition, as might be expected after CPAP,
apnea-hypopnea index no longer provided explanatory power
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for the level of diastolic pressure. Thus, our data suggest that
CPAP-mediated reduction in sympathetic activity without con-
comitant reduction in sympathetic neurovascular transduction
underlies the reduction in diastolic pressure.

Intermittent hypoxia, both in animal models®** and in hu-
mans®*’ leads to a sustained sympathetic activation. This
sympathetic hyperactivity due to chronic intermittent hy-
poxia is thought to be a main mechanism leading to hyper-
tension OSAS.* Hence, OSAS may be thought of as a model
for neurogenic hypertension wherein different mechanisms
for sustained sympathetic hyperactivity are implicated, for
example, increased peripheral chemoreception®® and decrease
in baroreflex control,* as well as the potential of primary
aldosteronism.”® We explored the potential of an attendant
tachyphylaxis that could also underlie sustained sympathetic
hyperactivity. However, we found that despite greater sympa-
thetic activity and similar blood pressure in those with OSAS,
their sympathetic neurovascular transduction was similar to
matched healthy controls. Surprisingly, the explanation for
these seemingly contradictory findings was found in the reduc-
tion in both sympathetic activity and blood pressure with CPAP
treatment. Hence, the absence of a lower sympathetic trans-
duction in OSAS results in a relatively elevated blood pressure
due to the higher tonic sympathetic outflow. It is possible that
the high sympathetic activity with unaltered transduction re-
sults in vascular remodeling and sustained hypertension over
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time, in the absence of treatment. Moreover, it may be prudent
to target therapeutic strategies to counteract this deleterious
effect and prevent cardiovascular morbidity in patients who
refuse or are not able to use CPAP.
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