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Abstract

Objective: Heart failure (HF) is associated with intermittent hypoxia, and the effects of this
hypoxia on the cardiovascular system are not well understood. This study was performed to
compare the effects of acute hypoxia (10% oxygen) between patients with and without HF.
Methods: Fourteen patients with chronic HF and |7 matched control subjects were enrolled.
Carotid artery changes were examined during the first period of hypoxia, and brachial artery
changes were examined during the second period of hypoxia. Data were collected at baseline
and after 2 and 4 minutes of hypoxia. Norepinephrine, epinephrine, dopamine, and renin were
measured at baseline and after 4 minutes hypoxia.

Results: The carotid blood flow, carotid systolic diameter, and carotid diastolic diameter
increased and the carotid resistance decreased in patients with HF. Hypoxia did not change
the carotid compliance, distensibility, brachial artery blood flow and diameter, or concentrations
of sympathomimetic amines in patients with HF, but hypoxia increased the norepinephrine level in
the control group. Hypoxia increased minute ventilation and decreased the oxygen saturation and
end-tidal carbon dioxide concentration in both groups.

Conclusion: Hypoxia-induced changes in the carotid artery suggest an intensification of com-
pensatory mechanisms for preservation of cerebral blood flow in patients with HF.
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Introduction

Heart failure (HF) is associated with inter-
mittent periods of hypoxia. In healthy indi-
viduals, hypoxia increases the respiratory
rate (RR) and sympathetic activity and
changes peripheral vascular reactivity.'
Acute hypoxia results in arterial vasodila-
tion, but this vasodilation diminishes after
prolonged periods of hypoxia. In patients
with HF, the effects of intermittent hypoxia
on the cardiovascular system are not well
understood. Patients with HF have left ven-
tricular dysfunction resulting in decreased
cardiac output, which is offset by compen-
satory mechanisms to prioritize blood flow
to the heart and brain.? The effects of hyp-
oxia on cerebral and peripheral blood flow
and the neurohumoral system are not fully
understood. The cardiovascular effects of
hypoxia result from complex interactions
between the direct effects of hypoxia on
the heart and peripheral vessels and chemo-
receptor stimulation.® Chemoreceptors are
located mainly in the aorta and carotid
arteries and play a key role in detecting
changes in the blood oxygen concentration.
The responses to hypoxia that result in
improved organ perfusion, increased cardi-
ac output, and peripheral vasodilation in
healthy individuals may not be the same
in patients with HF.* Chemoreceptors are
continuously stimulated in patients with
HF, and transient periods of acute hypoxia
may therefore not have an additional effect
on the compensatory mechanisms, particu-
larly in patients with New York Heart
Association (NYHA) functional class II to

reactivity, cerebral blood flow, cardiovascu-

IV HF. The present study was performed to
evaluate the effects of acute hypoxia on the
elastic properties of the carotid and brachial
artery blood flow, ventilation, and the
plasma levels of norepinephrine, epineph-
rine, dopamine, and renin.

Methods
Ethical approval

All patients provided written informed con-
sent for inclusion in the study. The study
protocol was approved by the institutional
ethics committee. The study adhered to the
principles of the latest revision of the
Declaration of Helsinki.

Patients

We studied patients with HF (NYHA func-
tional class II-1V) diagnosed by history,
physical examination findings, and a resting
left ventricular ejection fraction on echocar-
diography of <0.35 (mean, 0.31+0.04;
range, 0.25-0.35). The causes of HF were
alcoholic cardiomyopathy, idiopathic car-
diomyopathy, and peripartum cardiomyop-
athy, and medical treatments included
digoxin, diuretics, and angiotensin-
converting enzyme inhibitors. Angiotensin-
converting enzyme inhibitors and diuretics
were withheld for 24 hours before the study.

We also examined a control group of
healthy subjects who were matched with
the patient group for age, sex, and body
mass index. All control group subjects all
had an unremarkable medical history and
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normal physical examination findings, and
all were nonsmokers.

Two periods of hypoxia were studied. In
the first period (P1), we examined responses
in the carotid artery; in the second period
(P2), we examined responses in the brachial
artery. During each period, the studied
parameters were recorded at baseline (B),
after 2 minutes of hypoxia (H2), and after
4 minutes of hypoxia (H4). The study pro-
tocol is shown in Figure 1.

Cardiovascular measurements

Blood pressure was measured using an
upper arm sphygmomanometer by an auto-
mated oscillometric method (Dinamap
1466; Critikon, Tampa, FL). Heart rate
(HR) was monitored by electrocardiogra-
phy. Forearm blood flow (FBF) was
measured in the right arm by venous occlu-
sion plethysmography (model EC-4; DE

Hokanson, Bellevue, WA) with a mercury-
filled strain gauge for approximately 10 sec-
onds at 20-second intervals. Three readings
were used to obtain each mean minute
value. Forearm vascular resistance was cal-
culated as the mean arterial pressure during
a l-minute recording divided by the mean
minute FBF. Carotid and brachial artery
images and the carotid artery blood flow
velocity (CBF) and brachial artery blood
flow velocity (BBF) were recorded as
previously described”® using an ultrasound
scanner (Apogee-800 plus; ATL, Bothell,
WA) equipped with a high-resolution trans-
ducer (7.5 MHz) and a pulsed Doppler
system. Image analyses were performed
using a dedicated image workstation to
determine arterial diameters and flow veloc-
ity curves.’

Carotid artery elastic properties were
examined by calculating distensibility and
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compliance according to the following
equations®:

2(Ds — Dg)/Dq

_ —6 NJ—1 442
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where D is distensibility, C is compliance,
Dq is the carotid artery diameter in systole,
Dy is the carotid artery diameter in diastole,
SBP is the systolic blood pressure, and DBP
is the diastolic blood pressure.

Carotid artery blood flow (CBF) was cal-
culated using CBFV and the carotid artery
cross-sectional area (during systole) accord-
ing to the following equation®:

% 0.06(L.min~".m2)

where CBFYV is expressed in m/s, BSA is the
body surface area (m?), and 0.06 is the unit
conversion factor.

Brachial artery blood flow (BBF) was
calculated similarly, using BBFV and the
brachial artery cross-sectional area (during
systole) according to the follow-
ing equation:

BBFV. zD%s

P R
BSA 4 .0.06(L.min"'.m~2)

BBF =

Carotid artery resistance and brachial
artery resistance were calculated as the
mean arterial pressure divided by CBF and
BBF, respectively (mmHg/L - min~' - m?).

Respiratory measurements

The end-tidal carbon dioxide concentration
(EtCO,) was measured by capnography,

and the oxygen saturation (SatO,) was mea-
sured with a pulse oximeter (CO,SMO
model 7100 EtCO,/SpO,  Monitor;
Novametrix ~ Medical  Systems  Inc.,
Wallingford, CT). RR and minute ventila-
tion (MV) were measured with a pneumo-
tachograph (Heated Pneumotachometer;
Hans Rudolph Inc., Shawnee, KS) and a
differential pressure transducer (MP45-
871;  Validyne  Engineering  Corp.,
Northridge, CA) linked to a signal integra-
tor amplifier (Gould Instrument Systems
Inc., Valley View, OH). All signals were
recorded simultaneously on a Gould strip-
chart recorder (RS 3800; Gould Instrument
Systems Inc.) and on a computer using cus-
tomized CODAS software (Computer
Operated Data Acquisition Software,
AT-CODAS; DATAQ Instruments,
Akron, OH).

Norepinephrine, epinephrine, dopamine,
and renin measurements

Venous blood samples were collected from
an indwelling catheter in an antecubital vein
to measure the plasma norepinephrine, epi-
nephrine, and dopamine concentrations
(pg/mL) and plasma renin activity
(pg/mL/h). Samples were obtained at the
B and H4 time points during P1. Plasma
concentrations of norepinephrine were
quantified by high-performance liquid chro-
matography, and plasma renin activity was
determined by radioimmunoassay.”'’

Experimental protocol and procedures

We used an established experimental proto-
col described by Somers et al.'! (Figure 1).
All 31 subjects participated in both P1 (the
carotid artery period) and P2 (the brachial
artery period). The cardiovascular research
laboratory was kept quiet, the temperature
was controlled at 22°C to 25°C, and the
lights were kept dimmed. All subjects
rested in the supine position for >20 minutes
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after an indwelling catheter was placed in an
antecubital vein. All subjects were familiar-
ized with the experimental protocol during
the resting period. During P1, measurements
were obtained for 5 minutes while the sub-
jects breathed room air (baseline recording)
and then for 5 minutes (analyzed in a
minute-by-minute format) while breathing
the gas mixture (described below) via a
mouthpiece, with application of a nose clip
to ensure exclusive mouth breathing (acute
hypoxia recording). The gas mixture was
composed of 10% oxygen in nitrogen, with
carbon dioxide titrated to maintain isocap-
nia. The carotid artery diameter, CBFV,
FBF, SatO,, EtCO,, RR, MV, mean arterial
pressure, and HR were recorded at B, H2,
and H4. At the end of each recording period
(baseline and acute hypoxia), an 8-mL blood
sample was collected to measure the plasma
norepinephrine and renin levels. After a
20-minute resting period, P2 was started.
During P2, the brachial artery diameter
and BBFV were recorded using the same
protocol as described for the carotid artery
measurements during P1.

Statistical analyses

For continuous variables, the minimum and
maximum values were recorded and the
mean and standard deviation were calculat-
ed. Mean values were compared between
the control and HF groups using
Student’s 7 test, and the paired Student’s
test was used for comparison between two
time points (B vs. H2 and B vs. H4) of the
control and HF groups. For categorical
variables, the absolute and relative frequen-
cies were calculated. Proportions were com-
pared between the control and HF groups
using Fisher’s exact test. Values at different
time points were compared within the con-
trol and HF groups using analysis of vari-
ance. Plasma levels of norepinephrine,
epinephrine, dopamine, and renin were
compared using the paired Student’s ¢ test.

A value of P <0.05 was considered signifi-
cant. Statistical analyses were performed by
an independent statistician using SAS
Software version 9.0 (SAS Institute Inc.,
Cary, NC).

Results

The HF group comprised 14 patients (mean
age, 44.4 £ 13.1 years; range, 25-65 years;
12 men, 2 women). HF was caused by alco-
holic cardiomyopathy in eight patients, by
idiopathic cardiomyopathy in five, and by
peripartum cardiomyopathy in one. Nine
patients had NYHA functional class II
HF, 3 had class 1II, and 2 had class IV.
Fourteen patients were taking digoxin, 12
were taking diuretics, and 13 were taking
angiotensin-converting enzyme inhibitors.
The control group comprised 17 healthy
subjects (mean age, 38.5+8.7 years;
range, 25-53 years; 10 men, 7 women).
The mean BSA in the control and HF
groups was 1.84+0.18 and 1.76 £0.17 m,
respectively. Neither age nor BSA was sig-
nificantly different between the two groups.
The values of all parameters measured
during P1 and P2 at B, H2, and H4 are
shown in Table 1.

Results for P1

SBP, DBP, and mean blood pressure
(MBP) were not significantly different
among the three time points (B, H2, and
H4) in either the control or HF group.
SBP was significantly higher in the control
group than in the HF group at all three time
points (all P<0.01), but DBP and MBP
were not significantly different between the
control and HF groups at any of the time
points. In the control group, HR increased
at H2 and H4 when compared with B
(7776 £10.84 vs. 94.77£11.24 and 93.24
+10.27  beats/min,  respectively;  all
P <0.001). HR was higher in the HF than
control group at all three time points (all
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P <0.01). The carotid artery systolic diam-
eter (CSD) and carotid artery diastolic
diameter (CDD) were not significantly dif-
ferent among the three time points in the
control group. In the HF group, CSD
increased significantly between B and
H4 (5.80+£1.03 and 06.07+0.99 mm,
respectively; P=0.045), as did CDD (5.52
+1.01 and 5.76+0.96 mm, respectively;
P=0.041). CSD was significantly greater
in the control than HF group at all three
time points (all P <0.05), whereas there
were no significant differences in CDD
between the two groups. Carotid compli-
ance and distensibility were not significantly
different between the control and HF
groups or among the different time points
within each group. CBF was not significant-
ly different among the three time points in
the control group, but they increased signif-
icantly between B and H4 in the HF group
(0.58+0.21 and 0.67+0.21 L/min/m?,
respectively; P=0.002). CBF was signifi-
cantly higher in the control than HF
group at all three time points (all
P <0.001). Carotid artery resistance was
not significantly different among the three
time points in the control group, but it
decreased significantly between B and H4
in the HF group (175.67+76.58 and
147.07 £59.02 mmHg/L - min~' - m >
respectively; P =0.005). Carotid artery
resistance was significantly higher in the
HF than control group at all three time
points (all P<0.01). FBF was not signifi-
cantly different among the three time points
in the control group, but it increased signif-
icantly between B and H4 in the HF group
(2.734+2.00 and 3.11 £ 2.13mL/100 mL/min,
respectively; P=0.015). FBF was signifi-
cantly higher in the control than HF
group at all three time points (all
P <0.05). Forearm vascular resistance was
not significantly different among the three
time points in the control group, but it
decreased significantly between B and H4
in the HF group (47.114+25.06 and

40.60 4 23.41 L/min/m?, respectively; P=
0.038). RR was not significantly different
among the three time points in the control
group, but it increased significantly over the
three time points in the HF group (18.95
+£591, 20.54+6.32, and 21.23+7.18
breaths/min; all P=0.01). RR was signifi-
cantly higher in the HF than control group
at all three time points (all P <0.05).
MYV increased significantly over the three
time points in both the control group
(6.83+1.71, 10.22+3.66, and 11.23+
391 L/min; all P=0.005) and the HF
group (7.43+£3.73, 10.17 £ 3.35, and 10.16
+3.34L/min; all P<0.001). MV was not
significantly different between the control
and HF groups at any of the three time
points. SatO, decreased significantly over
the three time points in both the
control group (97.06% +0.83%, 87.41%
+435%, and  83.65% £3.97%; all
P<0.001) and the HF group (96.23%
+1.42%, 87.46% £3.99%, and 83.77%
+5.17%; all P<0.001). SatO, was not sig-
nificantly different between the control and
HF groups at any of the three time points.
EtCO, decreased significantly over the three
time points in both the control group
(38.65+4.49, 36.88+4.87, and 36.29
+4.71 mmHg; all P=0.013) and the HF
group (31.77+£5.53, 29.62+5.01, and
29.46 +£5.59 mmHg; all P=0.003). EtCO,
was significantly higher in the control than
HF group at all three time points (all
P <0.001). The plasma levels of norepi-
nephrine, epinephrine, dopamine, and
renin were higher in the HF than control
group. The plasma norepinephrine level
increased significantly between B and H4
in the control group (267.15+108.20
and 319.92+162.56 pg/mL, respectively;
P=0.016) but did not change significantly
in the HF group. The plasma levels of epi-
nephrine, dopamine, and renin were not sig-
nificantly different between B and H4 in
either the control or HF group.
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Results for P2

SBP increased significantly between B and
H4 in the control group (127.53 +13.56 and
135.47+13.68 mmHg, respectively;
P=0.001) but did not change significantly
among the three time points in the HF
group. SBP was higher in the control than
HF group at all three time points (all
P <0.01). DBP did not change significantly
among the three time points in either the
control or HF group. MBP increased signif-
icantly between B and H4 in the control
group (91.53+£10.57 and 95.00+13.23
mmHg, respectively; P=0.010) but did
not change significantly among the three
time points in the HF group. DBP and
MBP were not significantly different
between the control and HF groups. HR
increased significantly over the three time
points in both the control group (72.47
+8.54, 85.53+8.79, and 87.71+8.67
beats/min; P <0.001) and the HF group
(89.64 £10.78, 95.07+£9.30, and 98.50
+8.62 beats/min; P=0.003). HR was
higher in the HF than control group at all
three time points (all P <0.01). The brachi-
al systolic artery diameter and BBF were
not significantly different among the three
time points in either the control or HF
group. BBF was significantly higher in the
control than HF group at all three time
points (all P<0.05). HR did not change
significantly among the three time points
in either the control or HF group. HR
was significantly higher in the HF than con-
trol group at all three time points (all
P <0.05). SatO, decreased significantly
over the three time points in both the con-
trol group (96.88% £0.60%, 87.53%
+3.64%, and 84.00% £3.87%; P <0.001)
and HF group (95.86% £1.70%, 86.57%
+3.30%, and 83.14% £3.39%,
P <0.001). SatO, was not significantly dif-
ferent between the control and HF groups
at any of the three time points. EtCO,
decreased significantly over the three time

points in the control group (39.47 +5.14,
37.87+5.14, and 36.934+4.46 mmHg;
P <0.001), but it was not significantly dif-
ferent among the three time points in the
HF group.

Discussion

The main findings of this study are that
CSD, CDD, and cerebral blood flow
increased during acute hypoxia in patients
with HF, but not in control subjects. A pre-
vious study of healthy subjects showed that
acute hypoxia was associated with carotid
artery vasodilation.'> However, this was
not observed in the control subjects in our
study. Previous in vivo and in vitro studies
revealed that norepinephrine caused vaso-
constriction of the carotid artery.'>'* In
the in vivo condition, several compensating
mechanisms might interfere in carotid flow
regulation. During the P1 phase of the pre-
sent study, we found no variation in the
arterial pressure or HR in the control
group. Notably, this group showed an
increase in the plasma norepinephrine
level, which could partially explain the
absence of vasodilation. Marked hypoxia
is needed to induce significant carotid
artery vasodilation.'> Tamisier et al.'®
reported that in healthy subjects, marked
and prolonged hypoxia caused initial
increases in blood pressure and regional
blood flow, but intermittent hypoxia did
not cause these changes. In addition,
Willie et al.'” reported that in normal sub-
jects, severe hypoxia (35 mmHg) for
approximately 15 minutes increased the ver-
tebral artery diameter and flow by 50%
more than the increases in internal carotid
artery diameter and flow, with the internal
carotid artery being more reactive to hypo-
capnia. These findings indicate differences
in blood flow regulation to the brain stem
and cortex according to differences in arte-
rial blood gas parameters. In patients with
HF, however, the carotid artery diameter
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increased during acute hypoxia, which was
probably caused by increased regional
blood flow. One variable that causes
increased regional blood flow is increased
blood pressure. The arterial pressure did
not change during the Pl phase of the
study; however, the HR increased. We
know that the compensatory mechanism
of regional flow in patients with HF is lim-
ited. The arterial pressure was probably not
supported by a lower cardiac stroke
volume. The HR is likely to have been the
only compensatory mechanism to provide
for the increase in the patients’ brain
blood flow. Previous studies have revealed
contradictory findings regarding blood
pressure responses to acute and intermittent
hypoxia. In patients with obstructive sleep
apnea, an association was reported between
intermittent hypoxia and increased blood
pressure.'®! In other studies, acute hypox-
ia was found to be associated with increased
SBP, although SBP normalized with inter-
mittent hypoxia.”>?® Another study showed
no significant associations between acute
hypoxia and blood pressure.?' Narkiewicz
et al.>* observed no significant associations
between hypoxia and mean arterial pressure
in either healthy subjects or patients with
HF. In patients with HF, regional blood
flow decreases in proportion to decreased
cardiac output.”® The reduced blood flow
promotes a reduction in the arterial diame-
ter in patients with HF, and in these
patients the neurohumoral activation
system provides the main compensatory
mechanism for maintaining adequate cere-
bral and coronary blood flow. Ding et al.**
recently reported that chronically reduced
blood flow to the carotid body resulted in
augmentation of peripheral chemoreflex
sensitivity and consequent activation of
the sympathetic nervous system in patients
with HF. Therefore, patients with HF had
significantly increased neurohumoral activ-
ity at baseline, masking the usual increases
in serum levels of sympathomimetic amines

in response to hypoxia and their potential
effects of increasing regional blood flow.
There were also no changes in the carotid
artery diameter secondary to changes in
compliance or distensibility of the artery.
Moreover, we observed that patients with
HF had significantly increased neurohu-
moral activity at baseline and that carotid
artery compliance and distensibility did not
change in response to acute hypoxia.
Previous studies have shown contradictory
findings regarding changes in compliance
and distensibility of the carotid artery in
response to hypoxia.?>*¢ Khder et al.*’
found no significant difference in radial
artery compliance (measured noninvasive-
ly) between healthy subjects and patients
with HF. They observed that the diastolic
diameter of the radial artery was not signif-
icantly different between healthy subjects
and patients with HF. A compliant isobaric
radial artery, which is not influenced by
blood pressure and which reflect the visco-
elastic behavior of the arterial wall, is not
different between healthy subjects and
patients with HF, suggesting that changes
in compliance must be attributable to
changes in blood pressure. We found that
FBF did not change in response to acute
hypoxia as analyzed by two methods:
venous occlusion plethysmography during
P1 and vascular ultrasonography with a
high-resolution transducer during P2.
However, FBF was higher in healthy indi-
viduals than in patients with HF, similar to
the differences in CBF observed between
these two groups. The absence of brachial
artery vasodilation in response to acute
hypoxia may be explained by sympathetic
hyperstimulation in healthy subjects and by
impairment in endothelial vasodilator func-
tion in patients with HF.?® However, the
observed vascular dysfunction in patients
with HF is probably not caused by
impaired endothelium-mediated vasodila-
tion.” During P1, the RR increased in
patients with HF, and SatO, and EtCO,
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decreased in both the control and HF
groups; however, MV remained unchanged
in both groups. The results of our study are
similar to those of other studies of short-
term hypoxia,”**® which reported similar
contributions by peripheral chemoreceptors
to the respiratory effects of healthy subjects
and patients with HF. However, the hemo-
dynamic changes resulting from greater
chemoreceptor stimulation by hypoxia
were different in healthy subjects than in
patients with HF, resulting in increased
CBF but not increased FBF in patients
with HF. The changes in CBF and BBF
indicate that the vascular resistance in
these arteries was higher in patients with
HF than in control subjects and that hyp-
oxia resulted in a decrease in carotid artery
resistance only in patients with HF. The
mechanisms underlying preferential carotid
artery vasodilation during hypoxia in
patients with HF are currently not
well understood.

This study has three main limitations.
First, we analyzed the hemodynamic and
adrenergic changes in the cerebral flow in
response to intermittent acute hypoxia.
This analysis did not allow assessment of
the influence of the chemoreflex in the cere-
bral flow, which is known to be complex
and to involve several pathophysiological
mechanisms that were not contemplated in
the study. Second, the measurements of
flow and diameter of the carotid and bra-
chial arteries were performed by the
same operator to obtain ultrasonographic
images. In this way, a small time interval
between the measurements of the carotid
and brachial arteries occurred. However,
because this interval was so short, it prob-
ably did not significantly interfere with the
values obtained. Finally, the inclusion of
patients with NYHA functional class II,
III, and IV HF could have influenced the
response to hypoxia due to different degrees
of cardiac muscle damage. However, all

patients were clinically and hemodynami-
cally stable at the time of the study.

In conclusion, acute hypoxia was associ-
ated with increased CSD, CDD, and CBF
in patients with HF but did not change the
brachial artery diameter or BBF. These
results suggest intensification of the com-
pensatory mechanisms for preserving cere-
bral blood flow in patients with HF.
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