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Abstract

Introduction

Obstructive sleep apnea (OSA) is the most common form of sleep disordered breathing and
has been associated with major cardiovascular comorbidities. We hypothesized that the
microcirculation is impaired in patients with OSA and that the magnitude of impairment cor-
relates to OSA severity.

Methods

Subjects were consecutive patients scheduled for routine diagnostic polysomnography
(PSG). OSA was defined by paradoxical rib cage movements together with abdominal
excursions and by the apnea-hypopnea index (AHI) (events/hour; no apnea AHI<5; mild
apnea 5<AHI<15; moderate apnea 15<AHI<30; severe apnea AHI >30). Sidestream dark-
field imaging was used to assess the sublingual microcirculation. Recordings of sublingual
microcirculation (5 random sites) were performed before and after overnight PSG. Data are
summarized as mean (xSD); p values <0.05 were considered statistically significant.

Results

Thirty-three consecutive patients were included. OSA was diagnosed in 16 subjects (4
moderate, 12 severe). There was no significant difference in microcirculation between sub-
jects with moderate OSA and without OSA. However, compared to subjects without OSA,
subjects with severe OSA (AHI>30) showed a significant decrease of microvascular flow
index (-0.07£0.17 vs. 0.0840.14; p = 0.02) and increase of microvascular flow index he-
terogeneity (0.06+0.15 vs. -0.06+0.11; p = 0.02) overnight. Multiple regression analysis
(adjusted for age and gender) showed both decrease of flow and increase of flow heteroge-
neity associated with AHI (b =-0.41; F=1.8;p=0.04 and b=0.43; F =1.9; p=0.03,
respectively).
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Conclusion

Acute overnight microcirculatory changes are observed in subjects with severe OSA char-
acterized by decreased flow and increased flow heterogeneity.

Introduction

Obstructive sleep apnea (OSA) is the most prevalent form of sleep disordered breathing in the
community [1]. OSA is characterized by recurrent cessation of breathing during sleep and has
been associated with major cardiovascular comorbidities including systemic and pulmonary
hypertension, heart failure, myocardial infarction, stroke as well as increased mortality rates
[2-4]. The mechanisms linking OSA and cardiovascular diseases are not fully understood [5].

Microcirculatory changes (both structural and functional changes in small arteries, arteri-
oles and capillaries) have been suggested as a basis for end-organ damage in OSA and are
important in cardiovascular disease development [6]. Indeed, multiple studies have shown dif-
ferent stages of endothelial dysfunction to be present in patients with OSA [7,8]. However, it
has not been firmly established whether OSA microcirculatory impairment is characterized by
functional or structural microvascular changes.

Sidestream dark field imaging (SDF) is a recently developed method for the clinical obser-
vation of the microcirculation [9]. SDF allows bedside, non-invasive visualization of microvas-
cular density, flow and heterogeneity (mostly from the sublingual mucosa) [10]. To date, it has
been mainly used in the intensive care setting [11]. Notably, SDF has been shown to be useful
in vascular morbidity assessment [12] and to correlate with endothelial function [13].

We hypothesized that sublingual microcirculation structure and function are impaired in
patients with OSA and that the degree of impairment is related to OSA severity. Furthermore,
we hypothesized that microcirculatory changes are more pronounced in the morning, after
awakening. Accordingly, the aim of this study was to measure sublingual microcirculatory
parameters before and after diagnostic polysomnography (PSG) in subjects with OSA.

Methods
Subject selection

Subjects were consecutive patients scheduled for routine diagnostic PSG. Patients on treat-
ment with continuous positive airway pressure were excluded. Informed consent was obtained
from all individual participants included in the study. This study was conducted in accordance
with the declaration of Helsinki and approved by the local Ethics Committee of the St. Anne’s
University Hospital in Brno, Czech Republic (No. 65V/2014; 08/10/2014).

Polysomnography

All PSG studies were performed in the International Clinical Research Center sleep laboratory.
PSGs were digitally recorded on an E-Series (Compumedics; Victoria, Australia) digital PSG
acquisition system. Recorded parameters were four channel electroencephalogram, two-chan-
nel electrooculogram, nasal airflow and oronasal thermal sensor, submental and limb electro-
myograms, and three channel ECG, transcutaneous pulse oximetry, thoracic and abdominal
inductance plethysmography, snore sensor, and body-position sensor.

All PSG studies were scored for sleep stages and disordered breathing events according to
the American Academy of Sleep Medicine scoring guidelines [14] by board registered PSG
sleep technologists. As per published guidelines [14], sleep apnea was defined by the type
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(central/obstructive/mixed apnea) and by the apnea-hypopnea index (AHI) (events/hour; no
apnea AHI<5; mild apnea 5<AHI<15; moderate apnea 15<AHI<30; severe apnea AHI
>30). Apneas were defined as > 90% reduction of airflow for at least 10 seconds. Obstructive
apnea was defined by paradoxical rib cage movements together with abdominal excursions;
central apnea was defined by the absence of thoracic and abdominal wall movements. Mixed
apnea was defined by absent inspiratory effort in the initial part of the event and resumption
of inspiratory effort in the second part of the event. Hypopneas were defined as a reduction in
nasal pressure of > 30% of the baseline for at least 10 seconds together with oxygen (O,) desa-
turation of at least 3% from the pre-event baseline or with an arousal.

Sidestream darkfield imaging (SDF)

SDF imaging (MicroScan Video Microscope, MicroVisionMedical, Inc) was used for the mon-
itoring of microcirculation before and after PSG. SDF uses light emitting diodes (green light of
a 530 nm wavelength, which is absorbed by erythrocytes) placed around sensing central probe
to illuminate tissue microcirculation. Optical separation of emitting diodes and sensing core
prevents surface reflected light to interfere with the image of microcirculation. Only light
reflected form deeper tissue layers may enter the central sensing probe and create microcircu-
lation image (Fig 1) [15]. SDF measurements were scheduled for 6:00 am and 9:00 pm. Before
each measurement, subjects were allowed to rest 30 minutes in a supine position and were
allowed to drink a glass of water to clear saliva from the oral cavity. SDF video recordings were
taken only after obtaining sharp images without signs of pressure artifacts as recommended
previously [10]. Five video sequences (20 s each) were taken at different random sites of the
sublingual mucosa.

Video sequences were analyzed blindly off-line using software AVA 3.0 (AMS, Amsterdam,
NL) by one investigator. The following parameters were analyzed as previously recommended
[10]: total vessel density (TVD), perfused vessel density (PVD), microvascular flow index

SDF probe I Microcirculation image
Quadrant I Quadrant IT

Camera

i

Central sensing core

Light emitting diodes
=
Light emitting diodes

Surface
reflected

Quadrant I Quadraunl IV

Fig 1. Sidestream darkfield imaging. Sidestream darkfield imaging scheme with an example of microvascular
flow index (MFI) measurement. MFI is based on determination of predominant type of flow in four quadrants; flow is
characterized as absent (0), intermittent (1), sluggish (2), continuous (3) and hyperdynamic (4). The values of the
four analyzed quadrants are then averaged to create MFI.

https://doi.org/10.1371/journal.pone.0184291.g001
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(MFI) and De Backer score. In brief, TVD is a density parameter that shows how many milli-
meters of vessels smaller than 20 um can be found in one mm? of target tissue. MFI is a flow
parameter based on determination of predominant type of flow in four quadrants; flow is char-
acterized as absent (0), intermittent (1), sluggish (2), continuous (3) and hyperdynamic (4).
PVD (combination of flow and density parameter) is an estimate of functional capillary den-
sity (density of vessels with at least sluggish flow). The values of the four analyzed quadrants
were averaged. DeBacker score describes capillary heterogeneity in one analyzed site; it is
defined by the number of crossing capillaries in a 3x3 grid, created during video analysis. For
all measured parameters, values from all 5 recorded sites were then averaged and analyzed.
Finally, heterogeneity indices were tabulated for both TVD and MFI to evaluate heterogeneity
in each of 5 recorded videos. The heterogeneity index was calculated as previously described:
the highest minus the lowest value, divided by the mean value of measured sites [10].

Statistics

The Shapiro-Wilkov test was used to test data for normality. One-way analysis of variance fol-
lowed by post-hoc Tukey HSD test (for continuous variables); or Chi-square test (for categorical
variables) were used to test for differences among the groups (no OSA/moderate OSA/severe
OSA). Pearson correlation coefficient was used to test statistical dependence of microvascular
parameters significantly different among groups and PSG parameters. Two multiple regression
analysis models (adjusted for sex and age) were then created to assess the relationship between
1) decrease in flow (AMFI) and 2) increase in flow heterogeneity (AMFI peterogeneity) and AHL
The results were expressed as the beta coefficient, F ratio and p value. Data are summarized as
mean (+SD) or median (IQR) where appropriate; p values <0.05 were considered statistically
significant. Statistical analysis was performed using Statistica 12.0 (StatSoft Inc., Prague, Czech
Republic).

Results

Thirty-three consecutive patients were included, from whom 320 video sequences were ana-
lyzed. Subject characteristics are shown in Table 1. Compared to subjects without OSA, sub-
jects with severe OSA had significantly higher BMI. Otherwise there were no significant
differences in age, number of males, number of smokers, morning time to SDF measurements,
frequency of major chronic illnesses, or cardiovascular medication between the groups.

Polysomnography results are shown in Table 2. Subjects with severe OSA had significantly
longer stage 1 non-rapid eye movement (NREM) sleep, shorter stage 3 NREM sleep and
shorter rapid eye movement (REM) sleep compared to subjects without OSA. Furthermore,
the number of obstructive apneas (events/hour) and AHI was higher and minimal O, satura-
tion was lower in subjects with severe OSA compared to subjects with moderate or without
OSA. Compared to subjects without OSA, REM sleep was significantly shorter also in subjects
with moderate OSA.

Results of comparison of SDF microcirculatory parameters are shown in Table 3. There
were no significant differences in the microcirculatory parameters between subjects with mod-
erate OSA and without OSA. However, when compared to subjects without OSA, microcircu-
latory changes were seen in subjects with severe OSA (AHI>30) for whom there was a
significant decrease in flow (AMFI) and increase in flow heterogeneity (AMFI peterogencity) dur-
ing the night. Both AMFI and AMFI peterogeneity correlated with AHI (r = -0.38; p = 0.03 and
r = 0.41; p = 0.02, respectively). Multiple regression analysis (adjusted for age and gender)
showed both decrease of flow and increase of flow heterogeneity remained significantly corre-
lated to AHI (b =-0.41; F = 1.8; p = 0.04 and b = 0.43; F = 1.9; p = 0.03, respectively).
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Table 1. Subject characteristics and PSG results.

no OSA (n=17) moderate OSA (n =4) severe OSA (n=12) ANOVA or ¥ p
Male No. (%) 14 (82) 4 (100) 12 (100) 0.21
Age (years) 51+12 58+ 16 54+9 0.49
BMI (kg/m?) 30+6 30+2 36+6* 0.02
Awakening to SDF (min) 43+18 32+18 42 £ 21 0.55
Major Comorbidities
Hypertension No. (%) 10 (60) 3(75) 8(67) 0.80
CHD No. (%) 5 (29) 0 3(25) 0.47
Diabetes mellitus No. (%) 3(18) 2 (50) 1(8) 0.17
Chronic Limb Ischemia No. (%) 2(12) 0 1(8) 0.76
COPD No. (%) 2(12) 0 2(17) 0.67
Medication
Beta blockers No. (%) 8 (47) 3(75) 5(42) 0.51
ACE-I or ARB No. (%) 5 (29) 3(75) 3(25) 0.16
Calcium channel blockers No. (%) 2(12) 0 2(17) 0.67
Diuretics No. (%) 2(12) 1 (25) 3(25) 0.62
Smoker 8 (47) 1 (25) 7 (58) 0.51

data shown as mean + SD

* indicates significant difference compared to no OSA

%2 = chi-squared test; ACE = angiotensin converting enzyme inhibitor; ARB = angiotensin Il receptor blocker; BMI = body mass index; CHD = coronary heart
disease; COPD = chronic obstructive pulmonary disease; OSA = obstructive sleep apnea

https://doi.org/10.1371/journal.pone.0184291.t001

Discussion

The major finding of this pilot study was that microcirculatory changes were present only in
subjects with severe OSA and were characterized by an overnight decrease of flow and increase
of flow heterogeneity.

In our study, morning to evening changes in microcirculatory flow and its heterogeneity
were impaired in subjects with severe OSA. This finding is in agreement with prior studies
demonstrating endothelial dysfunction (measured by flow mediated vasodilatation) in patients
with OSA [7,8]. Moreover, impaired myocardial tissue perfusion has been previously demon-
strated in patients with OSA and myocardial infarction [16] and an improvement of myocar-
dial perfusion reserve has been demonstrated in OSA patients on CPAP treatment [17]. In
contrast, we did not observe significant changes in microvascular density in patients with
OSA. Whether microvascular density is impaired in OSA patients is not clear. Increased mus-
cle capillary density has been previously shown in patients with OSA [18] and may be related
to chronic hypoxia, which promotes angiogenesis [19]. Indeed, an insignificant trend towards
higher capillary density was present in our subjects with OSA. On the other hand, some studies
have shown lower capillary density in patients with OSA [20,21]. The discrepancies between
prior studies and our observations may be attributed to different sites (vascular beds) and dif-
ferent techniques used for microcirculatory measurement.

In our subjects, flow impairment was detected only in those with severe OSA. Whether
mild OSA is associated with endothelial dysfunction is controversial. Two prior studies have
shown endothelial dysfunction in patients with mild OSA [22,23] whereas Blomster et al.
showed no endothelial dysfunction in patients with mild OSA [24]. Time from awakening
to SDF measurement did not differ between subjects with severe OSA and other subjects,
suggesting the observed microcirculatory changes were not caused by different time of
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Table 2. Polysomnography results.

Total sleep time (min)
NREM 1 (%)

NREM 2 (%)

NREM 3 (%)

REM (%)

CA (events/hour)

OA (events/hour)

Mix apnea (events/hour)
Hypopnea (events/hour)
AHI (events/hour)

mean O, saturation
minimal O, saturation

data shown as mean + SD or median (IQR)

no OSA moderate OSA severe OSA ANOVA or x2 P
(n=17) (n=4) (n=12)

361 (291-402) 298 (224-347) 311 (256-398) 0.60
17 (9-25) 38 (23-50) 45 (40-56)* <0.01
48 (42-53) 32 (29-41) 39 (38-49) 0.17
15 (10-24) 17 (7-33) 2 (0-11)*§ <0.01
1817 9+ 8% 6+ 3% <0.01
0.7 (0-3.5) 0 (0-0) 0.4 (0-1.7) 0.56
0.9 (0-2.9) 2(0.6-3.7) 45.3 (21.5-63.9)* § <0.01
0(0-1.0) 0 (0-0) 1.1(0.1-5.8) 0.70
12.4 (6.5-22) 16.4 (14.3-21.6) 17.5 (15.1-21.0) 0.44
15.2 (9.4-33.2) 17.3 (16.6-23.7) 64.5 (48.4-91.3)* § <0.01
95 (93-95) 95 (92-96) 92 (87-94) 0.07
85 (82-87) 84 (76-89) 67 (58-77)* § <0.01

* indicates significant difference compared to no OSA

§ indicates significant difference compared to moderate OSA

x2 = chi-squared test; AH| = apnea-hypopnea index; CA = central apnea; OA = obstructive apnea; NREM = non-rapid eye movement sleep; REM = rapid
eye movement sleep; OSA = obstructive sleep apnea

https://doi.org/10.1371/journal.pone.0184291.t1002

measurement. It is also in agreement with prior findings showing OSA changes may persist
after awakening [25].

The observed microcirculatory changes were small, despite high OSA severity (median
AHI 64.5). Catecholamine levels were found to be related to OSA severity [26]. Dose depen-
dent vasoconstrictive effect of both epinephrine and norepinephrine is known [27]. Therefore,
more pronounced microvascular changes may be expected in patients with severe OSA (higher
catecholamine levels). However, a reduced vascular response to alpha and beta catecholamine
receptor stimulation was also found in patients with severe OSA, suggesting a down-regulation
of vascular receptors [28], which may have accounted for the only minor microvascular flow
changes observed in our severe OSA subjects.

Although the observed microcirculatory changes were small, increases of microvascular
heterogeneity during the night in patients with severe OSA may be important, as increased
flow heterogeneity may prolong O, diffusion distances, creating areas of tissue hypoxia in the
most vulnerable sites of tissue (“lethal corner” sites most distant from all capillaries) [29] and
thereby promoting organ injury.

In contrast to subjects with severe OSA, no OSA subjects tended to improve microcircula-
tory flow parameters (A MFI and A MFI peterogeneity) during the night (Table 3). We speculate
the observed slight increase of microvascular flow and decrease of flow heterogeneity may have
been caused by circadian changes in sympathetic nervous system tone. In contrast to patients
with OSA, whose sympathetic nervous system is over-activated during the night [30], healthy
subjects exhibit a circadian decrease of both sympathoadrenal and noradrenergic branch activ-
ity during the night [31]. Furthermore, sympathetic nervous system activation seems to corre-
late with OSA severity [32], which may explain that microcirculatory impairment occurred only
in subjects with severe OSA. Moreover, both sympathetic nervous system branch activities are
down-regulated during REM sleep [31], which is shorter in patients with OSA [33], and was
also shorter in our subject cohort (Table 2). Indeed, the decrease of microvascular flow signifi-
cantly positively correlated with the length of REM sleep (r = 0.38; p = 0.04).
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Table 3. Comparison of microcirculatory parameters in subjects with and without OSA.

no OSA moderate OSA (n = 4)
(n=17)
before PSG (evening)
TVD (mm/mm?) 82+1.1 8.6+0.7
PVD (mm/mm?2) 8.2+1.1 8.6+0.7
MFI 2.8 (2.7-3.0) 2.7 (2.6-2.9)
De Backer (1/mm) 52+0.8 5.6+0.8
TVD heterogeneity 0.2+0.1 0.2+0.1
MF heterogeneity 0.2+0.1 0.1+0.1
after PSG (morning)
TVD (mm/mm?) 82+15 9.5+1.1
PVD (mm/mm?) 82+15 9.5+1.0
MFI 2.9(2.8-3.0) 2.9 (2.8-3.0)
De Backer (1/mm) 52+0.8 6.3+0.6
TVD heterogeneity 0.3 (0.2-0.4) 0.1(0.1-0.2)
MFI heterogensity 0.1 (0-0.1) 0.1(0-0.2)
delta (morning—evening)
ATVD -0.42 (-0.66-0.48) 0.77 (-0.23-2.11)
APVD -0.39 (-0.66-0.48) 0.77 (-0.23-2.09)
AMFI 0.08+0.14 0.14+0.10
A De Backer -0.05+0.60 0.74+1.26
A TVD heterogeneity 0.07+0.17 -0.03+0.05
A MFI heterogeneity -0.06 £ 0.11 -0.06 £0.06

data shown as mean * SD or median (IQR)
* indicates significant difference compared to no OSA

severe OSA (n =12) ANOVA or 2% p
8.5+0.8 0.68
8.4+0.9 0.75

2.9(2.8-3.0) 0.56
55+0.5 0.39
0.2+0.1 0.42
0.1+£0.1 0.63
8.8+0.8 0.17
8.8+0.8 0.18

2.8(2.6-3.0) 0.17
55+0.8 0.05

0.2(0.2-0.3) 0.16

0.2 (0.1-0.3) 0.20

0.27 (-0.31-0.86) 0.27
0.29 (-0.36-0.93) 0.28
-0.07+£0.17 * 0.02
0.04+0.84 0.22
0.01+£0.15 0.39
0.06+0.15* 0.05

x? = chi-squared test; A = delta; MFI = microvascular flow index; OSA = obstructive sleep apnea; PSG = polysomnography; PVD = perfused vessel density;

TVD = total vessel density.

https://doi.org/10.1371/journal.pone.0184291.t1003

Limitations

Our study had several important limitations. First, our study cohort was small; further studies
with greater numbers of subjects are necessary to confirm our findings. Second, there were
only 4 subjects diagnosed with moderate OSA, which limits our findings.

Sidestream dark-field imaging is very sensitive for pressure artifacts, movement artifacts

and the video sequence analysis is only partially automated, making it semi-quantitative. To

mitigate this, great care was taken to obtain sharp images without pressure or movement arti-

facts as recommended previously [10] and video sequences were analyzed by a single skilled

investigator. Despite this, in two subjects, morning video sequences were not analyzed because

of poor technical quality.

It is still a matter of debate whether changes in sublingual microcirculation may be used

as a surrogate for other vascular beds. Sublingual microcirculation has been suggested as a

good surrogate for splanchnic blood flow [34] and indeed a low capillary supply and muscle

dysfunction of palate muscles has been observed in patients with OSA and have been suggested

as not only a consequence of OSA, but also as a possible contributor to worsening upper air-

way obstruction [35]. Furthermore, sublingual microvascular impairment was shown to be a
good predictor of coronary artery disease [12] and MFI was shown to correlate with endothe-
lial function [13]. Additionally, sublingual microcirculation has also been shown to reflect

microvascular perfusion of the eye [36] and to be impaired in pulmonary hypertension [37]
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suggesting changes in the sublingual microcirculation may also reflect changes of other vascu-
lar beds.

Conclusion

Microcirculatory changes are observed only in subjects with severe OSA and are characterized
by overnight decreased flow and increased flow heterogeneity.
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