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Abstract

Aims Heart failure (HF) confers potentially negative effects on the brain and autonomic nervous system. The measurement
cerebral tissue oxygen saturation (SctO,) may aid in understanding such effects. We aimed to investigate if compensated HF
affects SctO, at rest and during orthostatic challenge.

Methods and results Non-invasive haemodynamic monitoring and near-infrared spectroscopy were applied during head-up
tilt (HUT) in 61 HF patients [mean (SD) 71 (11) years, 82% male, New York Heart Association (NYHA) class I-lIl] and 60 controls
[60 (12) years, 42% male). Group differences in continuous variables were compared using Student’s t-test. Associations be-
tween HF and SctO, were studied using multivariable linear regression models adjusted for age, sex, diabetes, smoking, sys-
tolic blood pressure (SBP), and heart rate in supine position and after 10 min of HUT.

Mean SctO, was lower in HF patients compared with controls both in the supine position (67 vs. 71%; P < 0.001) and after
10 min of HUT (64 vs. 69%; P < 0.001). The HUT-induced SctO, decrease was greater in HF patients compared with controls
(P =0.026). SBP did not change in neither HF patients nor controls during HUT, whereas diastolic blood pressure and heart rate
increased in both groups. HF was associated with lower SctO, in supine (B = —2.5%, P = 0.023) and after 10 min of HUT
(B=—2.6%, P =0.007) after multivariable adjustments.

Conclusions Cerebral tissue oxygenation is lower in HF patients both at rest and during orthostasis compared with subjects
without HF. Future studies should test if the lower cerebral oxygenation associates with negative prognosis and with impaired
cognitive function.
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Introduction

Heart failure (HF) is a clinical syndrome characterized by im-
paired cardiac output (CO) and/or elevated intracardiac pres-
sures, resulting in symptoms of fatigue, dyspnoea, and
peripheral and/or pulmonary congestion.? In response to
decreased CO with subsequent tissue hypoperfusion, HF pa-
tients often have chronically elevated sympathetic and neu-
rohormonal activation.> An under-investigated complication
of HF is the potentially negative effects on the brain* and
the autonomic nervous system,® possibly secondary to

cerebral hypoperfusion due to systemic hypotension. This
could partially explain the well-known overrepresentation of
cognitive dysfunction in HF patients, as well as the demon-
strated faster decline in global cognitive ability in HF patients
compared with controls.®

In healthy individuals, standing causes pooling of venous
blood in the lower extremities and splanchnic area, leading
to decreased venous return and reduced CO. In turn, de-
creased CO initiates various autonomic responses that if in-
sufficient or impaired, ultimately may result in decreased
cerebral blood flow (CBF).” In HF, where CO already is limited,
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upright posture may increase the vulnerability to cerebral hy-
poperfusion, further increasing the risk of chronic cerebral is-
chemia and cognitive impairment.®

Previous research indicates that HF patients show an ab-
normal haemodynamic response to upright posture®*° and
a greater decrease in CBF®!! during orthostatic stress com-
pared with healthy individuals. However, changes in cerebral
tissue oxygenation (SctO,) during orthostatic stress have not
been systematically investigated in patients with HF. Cerebral
oximetry assessed by near-infrared spectroscopy can
non-invasively provide absolute values of SctO, in real-time
and synchronized with the measurement of haemodynamic
parameters during orthostatic provocation.*?

Here, we investigated if HF affects SctO, relative to
changes in haemodynamic parameters during controlled or-
thostatic provocation.

Methods
Study population

Patients

Sixty-one patients with compensated HF [New York Heart
Association (NYHA) class I-Ill] were included from the HeArt
and bRain failure inVESTigation project (HARVEST-Malmg).:
HARVEST-Malmo is a prospective study at Skane University
Hospital, Malmo, Sweden, including all patients, with HF
diagnosis admitted to the cardiology and internal medicine
wards, regardless of aetiology, duration, or HF severity.
However, the current study excluded patients from
HARVEST-Malmo that were in NYHA class IV at the time of
enrolment.

Controls

Sixty control subjects (age > 40 years) were included from
the Syncope Study of Unselected Population in Malmo
(SYSTEMA). The SYSTEMA cohort consists of patients with
syncope and orthostatic intolerance evaluated at Skane Uni-
versity Hospital, Malmo, Sweden. Control participants with
a normal response to passive head-up tilt test (HUT; de-
scribed below) and with no signs of heart disease were in-
cluded in the present study. The SYSTEMA cohort has been
described in detail elsewhere.* All patients gave written in-
formed consent. The study was approved by the regional eth-
ical review board in Lund, and all procedures were performed
in accordance with the Helsinki Declaration.

Head-up tilt test

The HUT is an established method for the evaluation of un-
explained syncope and orthostatic intolerance,’® and the
method used in our study has been previously described

in detail.'® Following supine rest of 15 min, HF patients
and controls were tilted head-up to an angle of 70° for
20 min. Both HF patients and controls that were included
in the study completed the HUT protocol; however, HF pa-
tients were tilted back immediately if there were any symp-
toms indicating presyncope or clinical instability. For the
current study, nitroglycerine was not administered as part
of the protocol. Arterial blood pressure was continuously
recorded using a photoplethysmographic device (Nexfin,
BMEYE, Amsterdam, The Netherlands or Finapres Nova,
Finapres Medical Systems, PH Enschede, The Netherlands)
and electrocardiogram.

Cerebral oximetry

Cerebral tissue oxygenation was measured by cerebral
oximetry using near-infrared spectroscopy (NIRS) at rest and
during HUT. NIRS is a non-invasive method vyielding mixed
blood oxygen saturation levels in cerebral tissue by
determining the ratio of oxygenated haemoglobin to total
haemoglobin. It reflects a proportional mix of arterial and
venous blood in the outer regions of the frontal
hemispheres.” Normal range of SctO, is 60-80%.% SctO,
was assessed using the Fore-Sight absolute cerebral oximeter
(CAS Medical Systems Inc., Branford, CT, USA), which was
utilized in a previous study in the SYSTEMA cohort.'®
Absolute cerebral oximetry and haemodynamic parameters
were measured simultaneously and synchronized.

Echocardiography

Transthoracic echocardiograms in HF patients were
obtained by experienced sonographers using a Philips
IE33 (Philips, Andover, MA, USA) with a 1-5 MHz
transducer (S5-1) or with a GE Vingmed Vivid 7 Ultrasound
(GE, Vingmed Ultrasound, Horten, Norway) with a 1-4 MHz
transducer (M3S). Measurements were done offline using
Xcelera 4.1.1 (Philips Medical Systems, The Netherlands)
according to the recommendations of the American
Society  of  Echocardiography.’®  Left  ventricular
volumes were calculated using the biplane Simpson
method of discs, by manual tracing (papillary muscles
included in the cavity) in two-dimensional end-diastolic
and end-systolic frames defined as the largest and smallest
left ventricular cavities, respectively, in apical four-chamber
and two-chamber projections. Ejection fraction (EF) was
calculated automatically from end-diastolic (EDV) and
end-systolic volume (ESV) using the following formula:
EF = (EDV — ESV) EDV.
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Statistical analysis and included variables

Cerebral tissue oxygen saturation and haemodynamic param-
eters were recorded in supine position at 1, 3, and 10 min of
HUT, respectively. Delta SBP, HR, and SctO, were defined as
the difference between the values of supine position and af-
ter 10 min of HUT. Group differences in continuous variables
between HF patients and controls were compared using
independent-samples t-test. Changes within the same group

Table 1 Baseline characteristics and haemodynamic variables dur-
ing head-up tilt test

Characteristic HF (n = 61) Controls (n = 60)
Age (years) 70.7 (11.0) 59.8 (11.5)
Sex (% male) 82.0 41.7
Current smoker (%) 15.0° 8.8°
Diabetes (%) 30.0° 15.0
EF, percentage (md, IQR) 34 (24.5)¢
NYHA class (%) —

| 3.3

1 44.3

1] 52.4
SBP (mmHg) 125.2 (22.9)° 141.5 (19.3)
DBP (mmHg) 66.5 (12.5) 78.5(11.6)
Heart rate (beats per min) 71.2(12.2) 70.5 (11.6)

DBP, diastolic blood pressure; EF, ejection fraction; HF, heart fail-
ure; HR, heart rate; HUT, head up tilt; IQR, interquartile range;
Md, median; NYHA, New York Heart Association; SBP, systolic
blood pressure; SctO,, cerebral tissue oxygen saturation.
Continuous variables are expressed as mean (standard deviation)
unless other specified. Dichotomous data are expressed as percent-
ages of total within each group.

°’n = 1 missing.

°n = 2 missing.

‘n=3

‘n = 21 missing.

during HUT were compared using paired-samples t-test.
Apart from the continuous variables, the proportion of pa-
tients with SctO, < 65% (indicating the lower limit of normal
in subjects with normal HUT*®) and SctO, < 60% (indicating
the lower limit for when patients experience syncope®®) after
10 min of HUT was compared between HF patients and con-
trols, using Pearson’s ){2 test, as for other dichotomous vari-
ables. The associations between HF and SctO, levels in
supine position and after 10 min of HUT were studied using
multivariable-adjusted linear regression models, including
age, sex, smoking, diabetes, SBP in supine position and after
10 min of HUT, and heart rate (HR) in supine position and af-
ter 10 min of HUT. In addition, univariable linear regression
was performed separately in HF patients and controls in or-
der to analyse the association between SctO, and age, sex,
smoking, diabetes, SBP, and HR in each group, respectively.
Diabetes was defined as either a self-reported diagnosis of di-
abetes or use of antidiabetic medication. Data were analysed
using SPSS software Version 25 (SPSS, Chicago, IL, USA). A P
value of <0.05 was considered significant for all tests.

Results
Study population characteristics

Heart failure patients were older and more often male than
controls. Moreover, subjects with HF were more likely to be
smokers and to have diabetes, whereas supine SBP and DBP
values were lower among HF patients than controls. Only a
few HF patients were classified as NYHA class I. Study popula-
tion characteristics are shown in Table 1.

Table 2 Haemodynamic parameters and cerebral tissue oxygen saturation during head-up tilt test in HF patients and controls

Parameter HF (n = 61) Controls (n = 60) P value
SBP supine 125.2 (22.9) 141.5 (19.3) <0.001
DBP supine 66.5 (12.5) 78.5(11.6) <0.001
HR supine 71.2(12.2) 70.5(11.6) 0.720
SBP 10 min HUT 124.7 (24.1)? 142.4 (20.3) <0.001
DBP 10 min HUT 69.2 (14.0)° 85.1 (14.0) <0.001
HR 10 min HUT 74.1 (12.0)% 77.1 (12.5) 0.184
SctO, supine before HUT 67.0 (5.0) 71.1 (3.5) <0.001
SctO, 10 min HUT 63.9 (4.5) 68.8 (3.1) <0.001
Delta SBP 10 min 0.6 (16.9)° -0.93 (11.4) 0.570
Delta HR 10 min —3.2 (8.5 —6.7 (6.7) 0.013
Delta SctO, 10 min HUT 3.1(2.1) 2.2 (2.0) 0.026
SctO, 10 min HUT < 65% 59.0% 8.3% <0.001
SctO, 10 min HUT < 60% 14.8% 0% 0.002

DBP, diastolic blood pressure; HF, congestive heart failure; HR, heart rate; HUT, head up tilt; SBP, systolic blood pressure; SctO,, cerebral

tissue oxygen saturation.

Continuous variables are expressed as mean (standard deviation), whereas dichotomous variables are displayed as proportions in %. P
values are from independent samples t-test for continuous data and Pearson’s »> test for dichotomous data. Delta SBP, HR, and SctO,

were defined as the difference in supine value to 10 min of HUT.
°N = 1 missing.
°N = 2 missing.
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Changes in haemodynamic parameters and
cerebral tissue oxygen saturation during head-up
tilt

The mean SctO, was lower in HF patients compared with
controls both in the supine position and after 10 min of
HUT (Table 2 and Figure 1IA-B). In both patients with HF
and controls, the mean SctO, decreased during HUT
(P < 0.001), whereas DBP (P = 0.038 for HF patients;

P < 0.001 for controls) and HR increased (P = 0.005 for
HF patients; P < 0.001 for controls). SBP did not change,
neither in HF patients (P = 0.794) nor in controls
(P = 0.527), during HUT. The change in SctO, from supine
to 10 min of HUT was greater in HF patients compared with
controls (P = 0.026) (Table 2 and Figure 2). The proportion
of patients with SctO, below 65% and 60%, respectively, af-
ter 10 min of HUT was higher among HF patients than con-
trols (Table 2).

Figure 1 Cerebral tissue oxygen saturation (Y-axis) shown as percentage points in HF patients and controls. Cerebral tissue oxygen saturation in HF
patients and controls (A) in the supine position and (B) after 10 min of head-up tilt test. P values denote the difference between mean values, using
independent samples t-test. HF, heart failure; HR, heart rate; HUT, head-up tilt; SctO,, cerebral tissue oxygen saturation; SBP, systolic blood pressure.
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Figure 2 Changes in systolic blood pressure, heart rate, and cerebral tissue oxygen saturation during head-up tilt testing. Mean cerebral tissue satu-
ration (SctO,) in heart failure patients (solid black lines) and controls (dashed black lines) in relation to systolic blood pressure (SBP; in blue) and heart

rate (HR; in red) during head-up tilt test.
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Cerebral tissue oxygen saturation in relation to
haemodynamic variables

Heart failure was associated with lower SctO, in supine posi-
tion (—2.457 percentage points, P = 0.023) and after 10 min
of HUT (—2.597 percentage points, P = 0.007) also after
adjusting for age, sex, smoking, diabetes, supine SBP, and
HR (Table 3). Among HF patients, age and a higher supine
HR were associated with lower SctO, in the supine position,
whereas age, smoking, and lower SBP were associated with
lower SctO, after 10 min of HUT (Table 4). No associations
were found between SctO, and age, sex, smoking, diabetes,
SBP, or HR in controls (Supporting Information, Table S1).

Discussion

In this study, we have shown that patients with compensated
HF have lower SctO, both in supine position and after 10 min
of HUT compared with haemodynamically normal controls
without HF. Among HF patients, higher age and HR were as-
sociated with lower SctO, in the supine position, whereas

higher age, smoking, and lower systolic blood pressure were
associated with a lower SctO, after 10 min of HUT. However,
the proportion of subjects with an abnormal SctO, value be-
low 65% and 60%, respectively, was greater in HF patients
compared with controls. Of interest, no subject in the control
group had a SctO? below 60%, whereas 15% of HF patients
demonstrated a SctO, value <60% after 10 min of orthostatic
provocation, a value which is equivalent with concomitant or-
thostatic symptoms and/or syncope in many cases during
HUT.'®

The lower SctO, among HF patients compared with con-
trols, both at rest and during orthostatic provocation, sup-
ports the hypothesis of increased susceptibility to cerebral
hypoperfusion during orthostatic stress in HF.? In contrast
to the current study, NIRS performed on elderly patients
with diastolic dysfunction during 10 min of standing re-
vealed that HF patients exhibited a smaller decrease in
SctO, compared with healthy elderly subjects.?® The fact
that the latter study required withdrawal of furosemide
and captopril prior to tests, which may benefit the haemo-
dynamic response to orthostasis,>* may explain the conflict-
ing results. In addition, the latter study included patients
with normal left ventricular EF*® as opposed to the current
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Table 3 Relation between HF and cerebral tissue oxygen satura-
tion in the multivariable adjusted models

Model Beta (unstandardized) P value
Model 12
SctO, supine -2.773 0.004
SctO, 10 min HUT —3.605 <0.001
Delta SctO, 10 min 0.832 0.079
Model 2°
SctO, supine —2.900 0.004
SctO, 10 min HUT —3.398 <0.001
Delta SctO, 10 min 0.498 0.318
Model 3¢
SctO, supine —2.457 0.023
SctO, 10 min HUT —2.597 0.007
Delta SctO, 10 min 0.596 0.251

SctO,, cerebral tissue oxygen saturation.

Multivariable-adjusted linear regression models including heart
failure (independent variable) and SctO, (dependant variable).
°Adjusted for age and sex.

*Adjusted for age, sex, smoking, and diabetes

‘Adjusted for age, sex, smoking, diabetes, systolic blood pressure,
and heart rate in supine position or after 10 min of HUT or delta
systolic blood pressure and delta heart rate after 10 min of HUT.

Table 4 Association between cerebral tissue oxygen saturation
and the clinical profile in heart failure patients

Dependent variable  Independent variable B P value
SctO, supine Age —0.168 0.003
SctO; supine Sex 1.351 0.419
SctO, supine Current smoker -3.170 0.079
SctO, supine Diabetes —1.389 0.327
SctO, supine SBP supine 0.036 0.200
SctO, supine HR supine —0.143 0.005
SctO, 10 min HUT Age —0.165 0.001
SctO;, 10 min HUT Sex 1.431 0.342
SctO, 10 min HUT Current smoker —3.261 0.045
SctO; 10 min HUT Diabetes -0.722 0.574
SctO, 10 min HUT SBP 10 min HUT —0.061 0.011
SctO;, 10 min HUT HR 10 min HUT —0.085 0.083

HF, heart failure, HR, heart rate; HUT, head up tilt; SBP, systolic
blood pressure; SctO,, cerebral tissue oxygen saturation.
Univariable linear regression in HF patients including SctO,
(dependent variable) and age, sex, smoking, diabetes, SBP, and
HR (independent variables).

study which included patients with both preserved, mid-
range, and reduced EF.

It has been previously indicated that HF patients experi-
ence lower CBF® during upright posture compared with con-
trols. These results are in line with those from the current
study, indicating cerebral hypoperfusion during orthostatic
stress compared with controls. The fact that CBF and cerebral
oxygenation seem to be reduced in HF compared with con-
trols, even after adjusting for haemodynamic measurements,
merits some consideration. Although the mechanisms in-
volved in CBF reduction in HF remain unclear, they may be re-
lated to a low CO®?? or vasoconstriction of the cerebral
vasculature induced by higher activity of brain sympathetic

nervous system and the renin—angiotensin—aldosterone
system.?®>?* Furthermore, common HF comorbidities such
as atrial fibrillation, obesity, diabetes, and sleep apnoea have
also been associated with a reduction in cerebral
perfusion,?> 2% which might worsen CBF regulation in pa-
tients with HF.

Cerebral autoregulation and vasomotor reactivity play an
important role in maintaining CBF. In healthy subjects, cere-
bral autoregulation preserves constant CBF during fluctua-
tions in systemic blood pressure.?® It has been suggested
that vasomotor reactivity, defined as the ability of cerebral
vessels adequately to dilate or constrict in response to
changes in CO, levels in blood and surrounding tissue,° if re-
duced to a certain degree, may result in dysfunctional cere-
bral autoregulation.3® Previous research indicates that HF
patients have impaired vasomotor reactivity,3* which in turn
may suggest impaired cerebral autoregulation and failure to
maintain CBF and tissue oxygenation.

As previously mentioned, the reduced CO in HF is also
thought to play an important role behind cerebral hypoperfu-
sion. Because CO is a result of HR and stroke volume,>® cere-
bral hypoperfusion may be influenced by an impaired HR
increase during HUT. Although there was a greater increase
in HR among controls compared with HF patients, SctO,
seemed to decrease in HF regardless of the HR response
to orthostatic stress. In contrast to controls, the HF
patients had several medications with potential effects on
the haemodynamic response, including beta-blockers,
angiotensin-converting  enzyme  inhibitors,  diuretics,
and aldosterone antagonists. However, a previous study
showed that HF patients had an abnormal haemodynamic
response to orthostasis compared with patients treated
for hypertension, despite similar medications. Hence, this
difference was considered to be a result of cardiac
dysfunction rather than medical therapy.*°

During orthostatic provocation, there is an activation of
the sympathetic nervous system®*. In HF where sympathetic
drive is high,® physiological mechanisms are mobilized to
the maximum to maintain homeostasis, and the autonomic
nervous system has no reserve to respond adequately to up-
right posture.’® Impaired HR and blood pressure variability
has been found during orthostatic stress in HF patients com-
pared with hypertensive patients and controls.® Thus, auto-
nomic dysfunction may offer a possible explanation for the
abnormal cerebral oximetry response to HUT in HF patients.
Interestingly, a study on heart transplant recipients showed
that cerebral oxygenation—perfusion, assessed by frontal
near-infrared spectroscopy, was reduced during exercise
and recovery compared with age-matched healthy controls.®®
This might support the role of other factors than CO such as
autonomic dysfunction.

As a further support of an autonomic cause of the reduced
cerebral oxygenation in HF patients, previous research has
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found that HF is associated with loss of tissue and neural in-
jury in specific brain areas with the damage especially affect-
ing structures that regulate autonomic action, such as the
right insular and ventral medial prefrontal cortices, as well
as the hypothalamus and hippocampus.>3® Areas of grey
matter loss may contribute to inappropriate autonomic regu-
lation in HF,> which in turn may affect physiological adapta-
tions to upright posture. The SBP decrease did not differ
between HF and controls in the current study. However,
the SBP among HF patients was significantly associated with
lower SctO, after 10 min of HUT, but not in the supine posi-
tion. This suggests that the interplay between the autonomic
nervous system, the haemodynamic response, cerebral per-
fusion, and cerebral oxygenation is complex and may be in-
terconnected at several levels.

It is well known from previous studies that impaired cogni-
tive function is an independent risk factor for mortality in HF.
Chronically reduced levels of SctO, and impaired cerebral
autoregulation during orthostatic challenge as shown in this
study might serve as an important link in the pathophysiology
of these findings.*’

Thus, the consequences of a lower SctO, in HF patients
both in the short and long term should be further explored.

Limitations

Our study has a number of important limitations. First, the
control group consisted of patients investigated for syncope
or orthostatic intolerance and were not recruited from the
population. However, all controls had a normal haemody-
namic response to passive HUT and had no known heart dis-
ease. Secondly, because HARVEST-Malmo patients were
offered to perform HUT, there is a possible risk of selection
bias in this study, where one might assume that healthier
HF patients are more prone to participate in such a study.
On the other hand, from a preventive view, the current re-
sults may be more relevant than if only severely affected pa-
tients were included. Thirdly, medications with impact on the
autonomic nervous system and haemodynamic response
were widely used in the HF group but not in controls, which
may have influenced the results. Finally, even though we
tried to include patients of similar ages, the HF patients were
older and more often male than the control subjects. It has
previously been reported that SctO, in the barrel cortex of
healthy mice, decreases with age.>® Also, age-related arterial
stiffness has been shown to reduce CBF,***° which could
have an impact on the results. However, the results in the
present study were still statistically significant after adjusting
for age in the linear regression models; thus, HF patients
seem to have lower cerebral saturation regardless of age.

Conclusions

Patients with compensated HF have reduced levels of SctO,
in the supine and in standing position, compared with sub-
jects without HF. The lower SctO, is independent of differ-
ences in haemodynamic parameters. The consequences of a
lower SctO, in HF patients, both in the short and long term,
should be further explored.
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