








Gold antifade reagent containing DAPI (Thermo Fisher) on
glass slides. All vessels were imaged using the same laser
settings on a Zeiss LSM 700 Confocal microscope (Carl
Zeiss, Jena, Germany) at 9 5 magnification with Z-stacks set
to a depth of 2.25 to 2.85 lm. Images were captured using
Zen Black software (Zeiss) and converted to PNG files
(Figure 3) for image data processing using a custom
algorithm (python script; Numpy for matrix analysis, Scipy
for image support). Images were internally represented as
3-dimensional matrices (x, y, rgb). Red and blue channels
were discarded before immunofluorescence in the green
channel was determined at 3 points along the vessel using
circular interrogation regions (Figure 4) to avoid issues with
rotational impartiality. Interrogation regions were chosen by
an individual blinded to the results of the functional testing.
They were instructed to select regions for interrogation
along the vessels that were free of large nerve fiber
bundles and where there was consistent SNFD in clearly
imaged portions of the vessel (Figures 4 and 5). Total green
values were calculated using a simple sum function of the
elements in the circular region of the matrix, and the
average ratio of green pixels per ROI of 3 circles was used
as a measure of SNFD.

Statistics Analysis
Data were analyzed using SPSS (IBM SPSS Statistics for
Windows, Version 21.0; IBM Corp, Armonk, NY) and GraphPad
Prism software (version 5.00; GraphPad Software Inc, San
Diego, CA). All data are represented as mean (SD). P<0.05
was considered statistically significant and were not cor-
rected for multiplicity. The relationship between FMD, pupil-
lometry, SNFD, platelet aggregation, and PSG variables were
tested using Pearson-r correlations.

Results
Thirteen (6 females, 7 males) arteries of the 15 tonsil sets
demonstrated immunoreactivity to tyrosine hydroxylase anti-
serum and were of comparative size. Although the remaining
2 arteries showed immunoreactivity to tyrosine hydroxylase,
they were much smaller and were not used for comparison as
3 consistent ROIs could not be determined. Mean (SD)
anthropometric, FMD, pupillometry, and platelet aggregation
values are reported in Table 1 and mean (SD) PSG values in
Table 2. The correlation between the latter variables with
SNFD are also included in Tables 1 and 2. For completeness,
all the platelet aggregation variables are reported in Table 1.
However, because the platelet aggregation agonists were
highly intercorrelated, only the aggregation variable has been
reported in subsequent tables.

Correlational Analyses

Sympathetic nerve � ber density

A higher SNFD was significantly correlated with a higher
resting VTi and resting peak systolic velocity PSV; a lower
Neuronal Pupillary Index and a smaller pupillary percent
change from baseline diameter, and slower mean pupillary
constriction latency, mean pupillary constriction velocity,

Figure 3. Representative images showing 2 dorsal lingual
arteries from 2 children with sleep disordered breathing (left
panel VTi=9 and SNFD=1803 and right panel VTi=16 and
SNFD=2120). Red immunofluorescence indicates smooth muscle
actin (SMA), and green immunofluorescence represents tyrosine
hydroxylase (TH) an enzyme found in sympathetic nerve fibers.
SNFD indicates sympathetic nerve fiber density; VTi, velocity time
integral.

Figure 4. Immunofluorescence for tyrosine hydroxylase on the
dorsal lingual artery; white circles indicate the 3 regions of interest
selected by the analyst for green pixel/region of interest,
sympathetic nerve fiber density score.
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peak pupillary constriction velocity, and postpupillary con-
striction dilation velocity; and higher CollagenVelocity and
ADPVelocity (Table 1). No significant correlation was observed
between any PSG variable and SNFD (Table 2).

FMD and pupillometry

The correlation between FMD and pupillometry variables are
reported in Table 3. Magnitudes of the significant correlations
were all high (r>0.59). A larger baseline pupillary diameter
was associated with a smaller resting brachial artery diameter
whereas a faster postconstriction pupillary dilation velocity
was associated with a longer FMDTime-to-Max, lower resting VTi
and lower resting PSV. A greater percent change from
pupillary baseline diameter, mean pupillary constriction
velocity, and peak pupillary constriction velocity were all
associated with a lower resting VTi. A larger constricted
diameter and faster peak pupillary constriction velocity were
both associated with a lower resting PSV.

Inspection of the association between the FMD variables
also revealed a strong association between brachial artery
blood flow velocity parameters, i.e. VTi and PSV, and a marker
of vascular compliance, i.e. FMDTime-to-Max (VTi versus
FMDTime-to-Max, r=0.70; P<0.01; PSV versus FMDTime-to-Max,
r=0.72; P<0.01).

Platelet aggregation and pupillometry

The correlation between platelet aggregation and pupillometry
variables are reported in Table 4. In general, greater platelet

aggregation was associated with a longer pupillary constric-
tion latency and a slower mean and peak constriction velocity.
The latter significant correlations were all large in magnitude
(r>0.60).

Platelet aggregation and FMD

The correlation between platelet aggregation and FMD
variables are reported in Table 4. The correlations tended to
be small in magnitude, and only a single significant correlation
was observed with greater collagen aggregation associated
with a higher resting VTi.

Discussion
This study evaluated the relationship between functional
sympathetic activity and structural markers of sympathetic
innervation with functional vascular parameters in children
with SDB. We found that increased SNFD of the dorsal lingual
artery of the tonsil was associated with functional markers of
increased sympathetic tone as measured by pupillometry and
reduced vascular compliance, as indicated by higher resting
blood flow velocity and a longer time to maximal dilatation of
the brachial artery. In addition, we found that children with
increased sympathetic activity had evidence of increased
endothelial damage as measured using platelet aggregation.
In summary, these findings suggest that increased sympa-
thetic activity in children with SDB is associated with both
structural and functional vascular change.

Figure 5. Blood flow velocity Doppler image (top panel), and the corresponding dorsal lingual arteries
sympathetic nerve fiber images (bottom panel) for 3 representative participants. SNFD indicates
Sympathetic Nerve Fiber Density; VTI, velocity time integral.
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The strong association that was observed between resting
VTi/PSV and the time to maximal brachial artery dilatation
suggests that vascular compliance dynamics are altered in
children with SDB, which is consistent with previous findings
by our group.9 Our group has previously reported increased
brachial artery blood flow velocity, both during rest and
hyperemia, in nonobese children with mild SDB compared
with healthy nonsnoring children.9 In a separate cohort, we
have also observed that children with SDB compared with
controls had increased PSV in the ascending aorta using
cardiac magnetic resonance imaging.45 The strong positive
correlation observed between SNFD and FMD measures
suggests that the vascular changes present in children with
SDB are systemic. Furthermore, the enhanced innervation of
the blood vessels may lead to an increase in the release of the
vasoconstrictor neurotransmitter, noradrenaline, and conse-
quently reduce compliance of the vessels.22 This would
explain our previous report of increased blood flow velocity in
children with SDB and concurs with the increase in velocity
also demonstrated in the middle cerebral artery by others.29

More important, the inter-relationship between increased
vascular sympathetic innervation, smooth muscle cell hyper-
plasia,22 and extracellular matrix protein proliferation, which
promotes vascular remodeling, may explain our previous
report of delayed dilation response in the brachial artery of
young children with mild SDB and is corroborated by the
delayed dilation response to hyperemia in metacarpal
microvasculature in children with SDB demonstrated by a
different group.46 A strength of the FMD approach utilized by
the present study is that continuous measurements were
collected over a 3-minute time frame allowing for a complete
evaluation of the dilatation response and hence why we were
able to demonstrate such a robust relationship with other
variables. This is in contrast to the standard approach, which
is to limit measurement to 60 seconds.

The pupillary light reflex is considered a robust measure of
autonomic nervous system function.32,36,38 In this study, we

Table 1. Mean (SD) Anthropometric, FMD, Pupillary Light
Reflex, Platelet Aggregation, and SNFD Values Together With
SNFD Pearson-r Correlation Values (N=13)

Variable Mean (SD)

SNFD
Correlation
Values

Anthropometric

Age, y 11.1 (4.1) 0.24

Height, cm 148.2 (22.5) 0.25

Weight, kg 54.4 (30.7) 0.22

BMI kg/m ̂ 2 22.6 (6.8) 0.24

BMI (%ile) 76.7 (31.6) 0.11

Flow-mediated dilatation

Resting brachial artery diameter, cm 0.29 (0.06) 0.22

Resting peak systolic velocity, mm/s 113.4 (34.1) 0.64*

Resting velocity time integral, mm2 20.4 (12.9) 0.63*

FMD60s, % 5.50 (5.90) �0.04

FMDMax, % 9.22 (5.90) �0.09

FMDTime-to-Maximum, s 68.4 (30.6) 0.41

Heart rate, bpm 72.1 (8.71) �0.39

Pupillary light reflex

NPI 4.26 (0.22) �0.71**

Baseline pupillary diameter, mm 6.98 (0.41) 0.33

Constricted diameter, mm 4.41 (0.43) 0.58*

Change from baseline diameter, % 0.37 (0.04) �0.70*

Constriction latency, s 0.24 (0.37) �0.65*

Mean constriction velocity, mm/s 3.41 (0.44) �0.64*

Peak constriction velocity, mm/s 5.43 (0.63) �0.63*

Postconstriction
dilation velocity, mm/s

1.48 (0.13) �0.59*

Platelet aggregation

CollagenAUC 42.9 (11.0) 0.43

CollagenAggregation 97.1 (16.8) 0.47

CollagenVelocity 14.3 (3.4) 0.67*

lADPAUC 19.2 (11.1) 0.50

lADPAggregation 35.8 (18.3) 0.52

lADPVelocity 5.23 (1.92) 0.36

TRAPAUC 72.3 (14.9) 0.34

TRAPAggregation 109.7 (21.1) 0.27

TRAPVelocity 19.8 (4.8) 0.50

ASPAUC 46.4 (17.4) 0.46

ASPAggregation 74.9 (24.9) 0.34

ASPVelocity 13.4 (5.2) 0.57

ADPAUC 43.4 (12.0) 0.52

Continued

Table 1. Continued

Variable Mean (SD)

SNFD
Correlation
Values

ADPAggregation 71.8 (18.4) 0.43

ADPVelocity 11.7 (3.17) 0.65*

SNFD (pixel per region of interest) 2278 (370)

ADP indicates adenosine diphosphate; ASP, aspirin dialuminate; AUC, area under the
curve; BMI, body mass index; FMD, flow-mediated dilatation; lADP, low-dose adenosine
diphosphate; NPI, Neuronal Pupillary Index; SNFD, sympathetic nerve fiber density; TRAP,
thrombin receptor activating peptide.
*P<0.05.
**P<0.01.
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found that greater SNFD was associated with higher sympa-
thetic tone as measured by pupillometry (eg, decreased mean
and peak pupillary constriction velocity and a reduced
percentage change in pupil diameter in response to a light
stimulus). Reduced peak constriction velocity and delayed

time to minimum constriction diameter are considered
evidence of abnormal pupillary and hence autonomic nervous
system function.32,38 These findings complement similar
associations we observed between SNFD and FMD
parameters.

Increased platelet aggregation is considered a marker of
vascular dysfunction.18 Our results show that the children
with increased VTi also exhibit increased platelet aggregation
in response to the collagen antigen. Collagen-sensitive
aggregation suggests that platelets have come into contact
with collagen.47 In healthy subjects, collagen in the vessel
wall is concealed by the endothelial cells that line the lumen,
but injury to the vessel wall (possibly from increased shear
stress) may facilitate platelet/collagen contact.48 In addition,
our finding of a strong association between the pupillary light
reflex variables and platelet aggregation, in particular to the
collagen antigen, further supports the close relationship
between augmentation of sympathetic tone, reduced vascular
compliance, and functional platelet changes suggestive of
intimal injury.

Increased SNFD has been reported in early development in
spontaneously hypertensive rats22 and in rats exposed to
hypoxia in utero and who subsequently developed early-onset
arterial hypertension as they matured.24 In mice, sleep
fragmentation has been reported to increase peak blood flow
and delay the dilatation response in the dorsal tail vein and
promotes elastic fiber disorganization in both the aortic arch
and thoracic aorta.21 Whether the evidence presented in this
study supports the current paradigm, that a persistent
increase in sympathetic activity in early childhood predis-
poses adults to early hypertension requires further investiga-
tion. The use of pupillometry and FMD, as reported in this
article, may play a role in the early detection of vascular

Table 2. Mean (SD) PSG Values and Correlation With SNFD
(N=13)

PSG Variable Mean (SD)

Pearson-r
Correlation
Values With
SNFD

Total sleep time, min 418.8 (55.7) �0.19

NREM 1 (%TST) 12.6 (7.7) 0.19

NREM 2 (%TST) 38.7 (10.4) �0.03

SWS (%TST) 33.1 (13.2) �0.36

REM (%TST) 15.6 (4.6) 0.05

Arousals/h sleep time* 21.2 (18.3) 0.05

Spontaneous arousals/h sleep time* 10.6 (4.5) 0.22

Respiratory arousal/h sleep time* 10.3 (18.8) �0.02

Central apnea hypopnea index* 0.45 (0.43) �0.03

Obstructive apnea hypopnea index* 11.8 (24.0) �0.08

Average SpO2desat (%TST) 96.2 (1.2) �0.17

Average SpO2desat (%REM) 96.7 (0.9) �0.05

Average SpO2desat (%NREM) 96.2 (1.1) �0.13

Nadir SpO2, % 89.7 (4.3) �0.07

REM Nadir SpO2, % 92.4 (2.5) �0.25

NREM Nadir SpO2, % 90.7 (4.7) �0.07

*Spearman-rho correlation values. NREM indicates non-rapid-eye movement; PSG,
polysomnography; REM, rapid-eye movement; SNFD, sympathetic nerve fiber density;
SpO2, arterial oxygen saturation; SWS, slow wave sleep; TST, total sleep time.

Table 3. Correlations Results Between Pupillary Light Reflex and FMD Variables

Pupillometry (N=12)

FMD

Resting Brachial
Artery Diameter

Resting Velocity
Time Integral

Resting Peak
Systolic Velocity FMD60s FMDMax FMDTime-to-Maximum

NPI �0.27 �0.40 �0.31 0.15 0.12 �0.13

Baseline pupillary diameter �0.76** 0.37 0.50 �0.39 �0.47 0.21

Constricted diameter �0.59 0.48 0.59 �0.43 �0.50 0.24

Percent change from baseline diameter 0.26 �0.62* �0.55 0.36 0.38 �0.23

Constriction latency �0.07 0.19 �0.17 �0.23 �0.22 0.04

Mean constriction velocity 0.19 �0.77** �0.51 0.32 0.24 0.11

Peak constriction velocity 0.25 �0.67* �0.71** 0.28 0.14 �0.40

Postconstriction dilation velocity �0.01 �0.80** �0.78** �0.23 �0.33 �0.66*

FMD indicates flow-mediated dilatation; NPI, Neuronal Pupillary Index.
*P<0.05.
**P<0.01.
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changes in children with SDB. This could potentially help
identify children with SDB at lesser or greater risk of vascular
change, thereby facilitating early intervention and those who
require ongoing review.

The range of brachial VTi results both at rest and during
hyperemia in our previous study varied from normal to high,
suggesting that not all children with SDB exhibited the
increased VTi phenotype.9 This heterogeneity in vascular
response has been noted in studies looking at the effects of
aging, disease, and therapeutic interventions on vascular
response.49 Whether the chronicity of SDB or its severity are
the more-important contributors to increased vascular sym-
pathetic innervation remains to be determined. It also raises
the possibility of underlying genetic factors or lifestyle factors
that may protect or impede vascular integrity in some children
with SDB.

Limitations
This study could have been further strengthened by larger
subject numbers, which would also allow for stratification by
narrower age bands.41 However, given the practical chal-
lenges of collecting multiple measures in young children, this
is a comprehensive evaluation of vascular function and
structure. Further studies will be required to optimize these
findings so that these techniques may be used as part of a
clinical assessment. A potential criticism of the study is that
the findings may be explained by local inflammatory changes
within the tonsillar tissue. However, this is unlikely to explain
the increased SNFD observed in the dorsal lingual artery and
the pattern correlations observed between SNFD and both
pupillometry and FMD. Our study found no relationship
between conventional PSG measures of SDB severity and
vascular compliance/sympathetic function and structure. It is
possible that conventional PSG measures recorded on a single
night may not be the appropriate parameters to reflect the full
extent of the severity of SDB occurring night after night on
vascular development or that SDB has a heterogeneous
impact on vascular development, which may arise from
genetic variability.50

A persistent increase in sympathetic tone is an integral
factor in hypertension both in children10 and adults.51 Our
results are clinically significant considering that most children
with SDB remain underdiagnosed and untreated; we postulate
that this may well be an unrecognized risk factor for
hypertension in adult life and implies that SDB may have a
more-deleterious effect on children’s vascular health than
previously recognized.

In conclusion, this is the first study to demonstrate that
arterial structural changes are correlated with functional
vascular changes and that both are associated with
sympathetic tone. The long-term implications of increasedTa
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resting blood flow velocity and potentially the resultant
increase in shear stress on a child’s developing vasculature
are currently unknown, but the changes we have demon-
strated may be a harbinger of accelerated cardiovascular
disease in later years.
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