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Introduction

Purpose: To use optical coherence tomography angiography (OCTA) to assess the
pattern of changes in retinal and choroidal blood flow and structure in healthy volun-
teers who quickly went from sea level to a plateau and to determine the parameters
associated with acute mountain sickness (AMS).

Methods: Forty-five individuals (89 eyes) were examined by OCTA and filled out the
AMS questionnaire. One baseline examination was performed on the plain, followed
by examinations at days 1, 3, and 5 after entering the plateau. Parameters were self-
controlled to explore patterns of change, analyzed for correlation with AMS score, and
modeled as a nomogram of AMS risk.

Results: On the plateau compared to the plain, vascular morphology showed dilated
superficial macular retinal vessels and constricted deeper layers with increased vessel
length density and fractal dimension; vessel density increased in all retinal strata and
decreased in the choroidal macrovascular layer; and thickness increased except for a
decrease in mean retinal thickness in the central macular sulcus. The rate of increase in
retinal nerve fiber layer (RNFL) thickness in the inner and outer macular rings correlated
with AMS score (r = —0.211). The nomogram showed moderate accuracy (AUC = 0.672)
and consistency (C-index = 0.659) in assessing AMS risk.

Conclusions: In high-altitude hypoxia, retinal vessels dilate and distort, resulting in
increased blood flow density and thickness. Increased RNFL thickness in the paracen-
tral macula may be a marker of low AMS risk.

Translational Relevance: The changes in the retinal structure of the fundus can be used
to assess the risk of developing AMS.

ues to rise,’ so there is an urgent need for efficient and
convenient methods to identify AMS and track the
changes in its symptoms.

Acute mountain sickness (AMS) usually occurs
when people accustomed to lower altitudes are exposed
to higher altitudes. The symptoms are mild and
include headache, fatigue, nausea, and sleep distur-
bance, which can be relieved by oxygen and rest, but
about 1% of cases can progress to acute illnesses such
as pulmonary edema and cerebral edema,' requiring
immediate descent to lower altitudes for treatment.’
The number of people traveling to high altitudes for
work has increased, and the incidence of AMS contin-
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Human systems produce a series of physiological
responses to adapt to high-altitude environments, such
as increasing hemoglobin concentration, heart rate,
and cardiac output to ensure oxygen supply to vital
organs,”> but no precise relationships with the chang-
ing course of AMS symptoms have been found, nor are
they easy to monitor directly. The eye and the central
nervous system have embryological and anatomical
similarities, as they are the only areas with inner vascu-
lature in the body that can be viewed directly, so
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they can serve as a window to probe intracranial and
systemic microcirculatory changes.* This vasculature
can self-regulate to adapt to changes in oxygen partial
pressure.’ Previous studies have mainly tested hypoxia
or hyperoxia by simulating it.>” Few real-world studies
of hypoxic environments in the plateau have been
conducted. They have been limited to the study of one
sublayer of the macula or optic disk, so the patterns of
change in different regions and sublayers of the struc-
ture in hypoxic environments are inconclusive,®® and
investigating the correlation between changes in fundus
tissues and the development of AMS has yielded little
results.!0-!!

Therefore, we recruited healthy people who have
lived at low altitude for a long time to fly to
highland areas, where we innovatively used optical
coherence tomography angiography (OCTA), a nonin-
vasive, rapid, high-resolution method,'? to explore the
patterns of change in blood flow and thickness in
various layers of the retina and choroid of the macula
and optic papilla under the hypoxic environment of
a highland. The results yielded ocular markers that
might be associated with AMS changes. The results of
the study can further our understanding of the human
body’s adaptation to high-altitude hypoxia through
fundus changes and thus provide some guidance to
high-altitude travelers.

Study Setting

This is a prospective observational study, approved
by the Ethics Committee of the Second Affiliated
Hospital of the Army Medical University (2022-
Research No. 127-01) and filed in the Chinese Clini-
cal Trials Registry (ChiCTR2200059834). It adhered
to the tenets of the Declaration of Helsinki. All
subjects signed a written consent form. The study ran
from April to July 2022. One baseline examination
was completed on the plain (Chongqing, 500 meters
above sea level) 1 month before participants entered
the plateau, followed by three plateau examinations
on days 1, 3, and 5 after the participants were flown
to the plateau (Tibet, 3874 meters above sea level).
These examinations included OCTA, visual acuity,
blood pressure, heart rate, oxygen saturation, and the
Lake Louise Scoring (LLS) self-report questionnaire!?
(Supplementary Table S1). This study was conducted
to explore the patterns and possible causes of changes
in fundus retinal and choroidal blood flow and struc-
ture in healthy people after acute plateau entry, to
analyze the correlation between ocular parameters and
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changes occurring in AMS, and to search for predic-
tive markers of AMS by comparing the OCTA exami-
nation results of the participants’ four measurements
(Supplementary Fig. S1).

Subjects

Forty-five subjects (19 males, 26 females) under-
went specialty examinations, including one subject
whose examination revealed a choroidal hemangioma
in the left eye, which was not included, leaving
89 eyes for analysis. Exclusion criteria included the
following: (1) history of ocular disease or surgery;
(2) uncontrolled hypertension, coronary heart disease,
pregnancy, mental illness, or other conditions that
would prevent adaptation to plateau activities; and (3)
history of long-term residence on the plateau in the
previous 6 months.

Measurements

Systemic Parameters

Subjects who completed the 2018 LLS question-
naire independently prior to each examination, who
calculated a score of >3 total, and who had headache
and at least one other symptom (dizziness, gastroin-
testinal distress, fatigue/weakness, and insomnia) were
diagnosed with AMS'" (Supplementary Table Sl).
Subjects rested in a seated position for 5 minutes. We
used an automated blood pressure monitor (HEM-
7200; Omron, Kyoto, Japan) to measure the Ileft
upper arm brachial blood pressure and heart rate. We
measured right index finger oxygen saturation using a
peripheral pulse oximeter (Onyx 9500 SportStat; Nonin
Medical, Plymouth, MN).

Ocular Parameters

Best-corrected visual acuity was measured using
a standard logarithmic visual acuity scale and was
converted to the logarithm of the minimum angle
of resolution visual acuity (logMAR VA). Both eyes
were scanned using OCTA (DRI OCT Triton; Topcon,
Tokyo, Japan), including macular 6 mm x 6 mm
three-dimensional optical coherence tomography
(3D-OCT) analysis of the retina, including the whole
retina, retinal nerve fiber layer (RNFL), ganglion cell
layer (GCL), and choroidal thickness. This included
the central I-mm-diameter circular area of the central
macular concavity, 1- to 3-mm enclosed inner ring,
3- to 6-mm enclosed outer ring, measurement of the
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centroid (where we measured the mean thickness of the
central recess and the inner and outer rings), and the
volume of the central macular depression'* (Supple-
mentary Figs. S2a, S2f). The choroidal vascular index
(CVI) was analyzed by B-scan images of the macular
central concavity obtained by manual analysis with
ImageJ 1.53 (National Institutes of Health, Bethesda,
MD) (Supplementary Fig. S2b).!>:1® Macular 3-mm
x 3-mm blood flow imaging was used to analyze
the retinal superficial capillary plexus (SCP), deep
capillary plexus (DCP), and the whole retina; the
sublayer of the retinal pigment epithelium (sub-
RPE); and the choroidal capillary and macrovascular
layers.

We quantified the mean vessel density (VD) in the
central 1-mm circular central concave, the paracentral
concave ring of 1 to 2.5 mm, and the foveal avascu-
lar zone (FAZ) area, as well as the perimeter and
roundness of the SCP (Supplementary Figs. S2¢, S2f).
We performed 3.5-mm x 3.5-mm 3D-OCT of the
optic papilla to analyze the mean thickness of retinal
layers and choroid, optic disk, optic cup area, horizon-
tal/vertical cup-to-disc ratio, and optic disk depression
volume (Supplementary Figs. S2d, S2f). We analyzed
blood flow density in a 2- to 4-mm ring around the
4.5-mm x 4.5-mm optic disk, including the radial
peripapillary capillary (RPC), superficial, deep,
and entire retinal layers, choroidal capillaries and
macrovascular layer (Supplementary Table S2, Supple-
mentary Fig. S2e). The 3-mm x 3-mm SCP and DCP
blood flow maps of the macula were exported by the
built-in system IMAGNET6 of the OCTA device,
uniformly intercepted as square images with a side
length of 250 pixels using MATLAB (MathWorks,
Natick, MA), and cut and batch imported into an
OCTA vascular analyzer.!’

Noise reduction, binarization, and skeletonization
were performed to derive four vascular morpholog-
ical parameters: vessel length density (VLD), fractal
dimension (FD), mean tortuosity (mTort), and mean
vessel diameter (meanD) (Supplementary Fig. S3). We
analyzed changes in the ratio of the full thickness
and blood flow density of the inner retinal ring in
the macula and the thickness and RPC density of
the optic papilla RNFL to analyze the relationship
between thickness changes and blood flow.'® Finally,
using the plains results as a baseline, the rate of change
of each index was calculated for the three measure-
ments on the plateau.

Reproducibility

To ensure consistency and accuracy of the assay,
the same equipment was used on both the plain and
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the plateau. It was calibrated and tuned by engineers
and only used after the parameters met the standards.®
OCTA automatically searched and corrected the site
through the eye anatomical feature tracking function
for each image acquisition to produce a consistent
image set.!” Then, based on the subject’s plain baseline
parameters, the follow-on function was used with
manual judgment to ensure that the same site was
detected before and after. The above-mentioned use of
MATLAB clipping also enhanced the comparability
of the measurement results.'! Analysis of the stratifi-
cation results was corrected according to anatomical
feature segmentation,’” and only the system-set strat-
ification boundaries were adjusted. The OCTA ratio
analysis algorithm reduces motion artifact interference
and improves the signal-to-noise ratio of the images,”'
yielding an image quality score of >55 for each exami-
nation. Finally, to exclude daily changes and environ-
mental effects, all examinations were scheduled to be
completed at the same time, in the same examination
environment,’” and by the same examiner. Each subject
entered the examination room for 5 minutes of seated
rest before the examination.

Statistical Analysis

SPSS Statistics 26 (IBM, Chicago, IL) was used
for statistical analysis. All measurement data were
tested using the Shapiro—Wilk test for normality
and are expressed as median (quartile); count data
are expressed as number (percentage). The repeated
measures from the plain and the plateau on day 1, day
3, and day 5 (self-controls) were analyzed using the
Friedman test with Bonferroni correction for two-way
comparisons. The incidence of AMS was compared
using the cross-tabulation x2 test. Only the right eye
was considered when analyzing correlations, and the
three measurements on the plateau of the same param-
eters were pooled for analysis. Correlations among
the AMS score, rate of change in heart rate, and
rate of change in oxygen saturation with the rate of
change in OCTA parameters were analyzed using the
Pearson correlation test.® The relationship between
ocular parameters and the occurrence of AMS was
analyzed using binary logistic regression, and receiver
operating characteristic (ROC) curves were used to
determine accuracy. The rms and rmda packages of
RStudio 4.1.3 (R Foundation for Statistical Comput-
ing, Vienna, Austria) were used for the nomogram,
calibration curves, and decision analysis curve. All tests
were two tailed, with P < 0.05 indicating a signifi-
cant difference. Graphs were plotted using Prism 8.1
(GraphPad, Boston, MA).
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A total of 45 (19 male, 26 female) subjects, 34
(28-39) years of age, completed the OCTA; 38 of them
had all demographic parameters of interest. Heart rate,
AMS score, and AMS incidence (73.68% on day 1,
47.37% on day 3, and 18.42% on day 5 of the plateau)
significantly increased upon entering the plateau, with
an overall mean AMS incidence of 46.5%. Oxygen
saturation decreased (P < 0.01) on the plateau, but
blood pressure and logMAR VA did not change signif-
icantly (Table 1).

Vascular Morphology

The mean vessel diameter of the macular retinal
SCP increased and then decreased after entering the
plateau (P = 0.022), and that of the DCP decreased
significantly (P = 0.002). VLD and FD increased
mildly in both the SCP and DCP but were only signif-
icant for the SCP. Mean tortuosity increased mildly in
the SCP but was not significantly different from the
plain value in the SCP or DCP. The FAZ area, circum-
ference, and roundness of the macular SCP gradually
decreased (Supplementary Table S3b).

Blood Flow Density

On the plateau, retinal SCP, DCP, and whole-layer
blood flow density increased in the central macular
recess and outer ring. Retinal RPC, SCP, DCP, and
whole-layer density were also significantly higher in
the region around the optic disk (P < 0.001). The
choroidal RPE layer, capillaries, macrovascular layer,
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and CVI in the central macular sulcus showed a signif-
icant decrease in blood flow density on the plateau
(P < 0.01), whereas the mean density of the outer ring
did not change significantly. The change in choroidal
capillary density in the region around the optic disk
was not significant, but the macrovascular density
decreased overall (P < 0.01).

Thickness of Structures

The volume of the central macular depression
increased, but the volume of the optic papillary depres-
sion decreased; the area of the optic disk and optic
cup increased; and both the horizontal and vertical
cup-to-disc ratios decreased (P < 0.001). Retinal thick-
ness decreased at the central point and fovea of the
macula, but the mean thickness of the inner and outer
rings increased, and the mean thickness of the retina,
RNFL, GCL, and choroid in each of the remaining
subdivisions produced subtle but significant increases
(P < 0.05) (Table 2) (see Supplementary Tables S3a and
S3b for changes in the upper and lower nasotemporal
subdivisions) (Figs. 1A, 1B). There was no difference
in the ratio of retinal thickening to blood flow density
in the macula (P = 0.103), but there was a significant
increase in RNFL/RPC in the region around the optic
disk (P = 0.007) (Supplementary Table S4).

In the correlation analysis, only optic disk RPC
blood flow density (r = —0.205, P = 0.029), inner
macular ring thickness (r = —0.211, P = 0.024), outer
ring RNFL thickness (r = —0.211, P = 0.024), and the
rate of change in GCL inner ring thickness (r = 0.211,
P = 0.018) correlated with AMS score. In the regres-
sion analysis with the occurrence of AMS as the depen-
dent variable, the rate of change in the retinal RNFL

Table 1. Demographic Parameters (n = 38)
Mean (95% Cl)
Parameters Baseline Day 1 Day 3 Day 5 P
HR (beats/min) 77.50 (72.00-83.25) 93.00 (84.75-105.00)° 91.50 (86.50-104.50)? 87.50 (79.50-94.25)2-° 0.000
MAP (mmHg) 85.67 (80.00-90.33) 85.50 (78.17-95.67) 87.33 (78.58-93.00) 88.00 (80.83-97.42) 0.703
SBP 110.50 (102.75-120.25) 113.50 (102.00-125.25) 113.50(102.50-122.25) 115.50(103.75-124.50) 0.239
DBP 73.00 (68.00-77.50) 73.00 (65.75-81.25) 73.00 (66.75-79.25) 75.00 (69.75-83.25) 0.295
SpO,, (%) 97.00 (96.00-98.00) 88.00 (84.75-90.00)2 88.00 (83.75-91.00)° 89.50 (88.75-91.00)° 0.000
AMS scores 0 3.00 (2.00-4.25)2 2.50 (0.75-4.00)2 1.00 (0.00-2.00)2-P 0.000
AMS (%) 0 28 (73.68) 18 (47.37) 7(18.42) 0.000
LogMar VA€ 0.00 (0.00-0.14) 0.03 (—0.05-0.10) 0.03 (—0.05-0.10) 0.03 (—0.05-0.10) 0.506

MAP = 1/3 SBP + 2/3 DBP. Cl, confidence interval; DBP, diastolic blood pressure; HR, heart rate; logMAR VA, logarithm of the
minimum angle of resolution visual acuity; MAP, mean arterial pressure; SBP, systolic blood pressure; SpO,, oxygen saturation.

2Comparison with the plain.
bComparison with the first day of the plateau.

€If a parameter marked with a superscript of a, b, the difference between the two groups is statistically significant; if not, it

means none. Sample size was 89 eyes.
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Table 2. Analysis of Blood Flow and Structure Changes in Macula and Optic Papilla (n = 89)

Parameters

Mean (95% Cl)

Baseline

Day 1

Day 3

Day 5
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Macular blood flow image analyzed by OCTA vascular analyzer

VLD (%)
SCP
DCP

FD, none
SCP
DCP

MeanD (um)
SCP
DCP

mTort, none
SCP
DCP

Vessel density (%)

Macular center
SCP
DCP
Total retina
Sub-RPE
Choriocapillaris
Choroidal vessels
(@Y]]

Paracentral fovea
SCP
DCP
Total retina
Sub-RPE
Choriocapillaris
Choroidal vessels

Peripapillary optic
RPC
SCP
DCP
Total optic
Choriocapillaris
Choroidal vessels

Thickness (um)

ART
Central
Macular region
Inner concave
Outer concave
Optic

ACT
Macular region
Inner concave
Outer concave
Optic

ARNFL
Inner concave
Outer concave
Optic

AGCL+
Macular region
Inner concave
Outer concave
Optic

3.91(3.75-4.10)
3.66 (3.46-3.91)

1.54 (1.52-1.55)
1.55 (1.54-1.56)

43.50 (38.00-55.25)
40.00 (36.00-46.00)

0.14(0.13-0.16)
0.14(0.13-0.16)

18.75 (16.23-21.99)
14.35(10.81-17.46)
17.95 (15.25-20.54)
54.59 (52.74-56.16)
54.32 (52.49-55.98)
55.71 (51.89-57.80)
65.32 (64.44-66.69)

48.68 (47.18-50.12)
48.72 (47.21-50.14)
51.37 (50.37-52.41)
53.42(52.58-54.13)
53.54 (52.95-54.10)
52.06 (51.15-53.13)

49.13 (47.72-50.41
49.41 (47.70-50.58
41.96 (39.26-44.04
48.90 (47.37-50.09
59.04 (57.95-60.48
62.20 (60.60-63.68

180.00 (171.50-190.00)
229.00 (219.50-239.50)
307.00 (298.38-318.13)
271.75 (263.63-281.75)
296.75 (284.25-307.13)

234.00 (195.00-304.50
228.50 (196.63-297.13
219.00 (189.50-260.50
144.50 (117.50-172.25

25.50 (24.50-27.25)
40.50 (37.88-42.50)

112.00 (104.13-116.63)

41.00
92.00
67.75
42.25

37.00-46.00,
88.13-96.13
63.00-69.88
39.63-44.50

)
)
)
)

3.94 (3.80-4.11)
3.73(3.52-3.91)

1.54 (1.52-1.55)
1.55(1.54-1.56)

45.00 (39.00-57.00)
40.00 (36.00-45.00)

0.15(0.13-0.17)
0.13(0.13-0.15)

19.90 (17.75-22.82)°
15.31(12.71-18.67)
18.53(16.78-21.11)°
53.00 (51.38-54.67)P
53.69 (51.60-55.47)
55.17 (50.92-58.47)
64.00 (62.95-65.20)°

50.20 (49.13-51.38)P
50.19 (48.83-51.21)°
52.65 (51.63-53.63)P
53.41 (52.75-54.18)
53.21 (52.77-53.96)
51.96 (50.96-53.21)

b
b
b
b

50.91 (

51.22 (49.82-52.22
44.84 (43.09-46.21
50.47 (49.42-51.52
59.23 (57.96-59.97
61.96 (60.25-63.53

49.55-52.09

180.00 (170.00-187.00)°
227.00 (216.00-237.00)°

273.00 (265.88-282.00)°
299.50 (290.13-313.38)°

(
(
306.75 (299.25-319.50
(
(

226.00 (186.50-306.00
224.25(192.50-298.13
217.25 (184.88-262.00,
144.50 (113.86-174.75

25.75 (25.00-27.75)P
41.50 (39.00-43.50)P

115.50 (107.88-120.25)°

43.00 (38.00-47.00)®
93.50 (89.63-97.25)°
68.25 (64.88-70.50)°
42.75 (39.75-45.50)

4.03 (3.86-4.18)
3.72(3.61-3.96)

1.54 (1.53-1.55)
1.55(1.54-1.56)

44.00 (38.00-55.25)
38.00 (34.00-42.00)

0.14(0.13-0.16)
0.14(0.13-0.16)

20.19 (18.13-23.21)P
15.81 (13.56-19.97)°
19.00 (17.15-21.78)°
53.30 (51.54-54.96)P
53.24 (51.86-55.36)P
54.53 (51.06-57.61)
64.19 (63.25-65.26)°

50.41(49.25-51.41)P
50.13 (48.95-51.12)°
52.75 (51.62-53.41)°
53.32(52.80-54.12)
53.45 (52.68-54.10)
51.94 (51.08-52.91)

50.76 (49.19-51.68)P
50.86 (49.15-51.81)P
44.40 (43.04-46.17)°
50.43 (48.54-51.37)P
58.91 (57.96-59.97)

61.62 (60.35-62.93)P

179.00 (169.00-190.00)°
228.00 (217.00-238.00)°

307.75(299.63-318.63

)

273.00 (265.75-282.50)P

301.75 (290.25-312.88)°

237.00 (197.50-316.00;
230.00 (196.63-308.25

(

(

223.75 (187.00-266.75)2°
147.75 (118.63-176.00)°

)
)
)
)

26.25 (25.25-27.75)*°
42.00 (39.63-44.00)2

116.75 (109.25-122.13)°

43.00 (38.00-47.00)®
93.75 (90.25-96.88)°
68.00 (64.88-70.75)°
42.50 (40.25-45.00)°

a
a

b
b

4.05 (3.83-4.18)
3.78 (3.60-3.94)

1.54 (1.53-1.55)?
1.55(1.55-1.56)

41.00 (37.00-47.00)°

37.00 (33.00-41.00)2°

0.14 (0.13-0.16)
0.14(0.13-0.16)

20.33(18.18-22.48)P

17.28 (14.80-21.31)>P

18.95 (17.10-21.39)°

53.30 (51.85-55.09)®

53.57 (50.12-56.83)2°

( )
( )
( )
52.62 (50.94-54.43)°
( )
( )2
64.16 (63.38-65.41)°
50.52 (49.66-51.38)P
49.88 (48.98-50.94)P
52.39(51.63-53.20)°
53.43 (52.82-53.95)

53.34(52.72-53.96)

51.91 (50.81-53.02)

49.77-51.83)P
50.16-52.02)°
43.21-46.23)P

51.06 )
)
)
49.62-51.42)P
)
)

51.10
44.71
50.59
59.08
61.64

58.07-60.08
60.06-63.07)°

178.00 (168.00-188.00,
226.00 (215.00-237.50
305.75 (299.00-317.50
272.00 (263.88-281.25
302.00 (290.13-315.63

234.00 (198.00-317.50
232.25(200.75-302.13
218.00 (193.25-266.38
148.75 (119.75-177.75

26.25 (24.75-27.50)P

)b,c
)a-¢
)a-c
)¢

)

ab

)a,b
)a,b
)a,b
)a,b

42.25 (39.50-44.25)P

116.50 (108.25-123.25

37.50-47.00)°
89.75-97.25)P
64.75-71.25)P
39.75-46.13)°

42.00
93.75
68.25
42.50

)a,b

0.016
0.102

0.016
0.066

0.022
0.002

0.254
0.412

0.000
0.000
0.000
0.000
0.004
0.004
0.000

0.000
0.000
0.000
0.412
0.368
0.153

0.000
0.000
0.000
0.000
0.141
0.002

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000
0.000

ART, average retinal thickness; ACT, average choroidal thickness; ARNFL, average retinal nerve fiber layer; AGCL, average

ganglion cell layer.

3Comparison with the first day of the plateau.
bComparison with the plain.
“Comparison with the third day of the plateau. If a parameter marked with a superscript of a, b, ¢, the difference between
the two groups is statistically significant; if not, it means none.
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Figure 1. (A) Map of tissue thickness and blood flow density changes in the optic disk region. From left to right, the images are at the
baseline level of the plain and on the first day, third day, and fifth day after entering the plateau, respectively. The first row, A1 to A4, shows
the fundus color photographs of the optic disk region; the diameters of the retinal branch arterioles were measured by the built-in software
of the instrument, and it can be seen that the vessel diameters of the arterioles increased significantly after entering the plateau. The second
row, B1 to B4, shows the thickness measurements of the nerve fiber layer of the optic disk, and it can be seen in the numerical values and
the three-dimensional thickness thermograms that the thickness of the RNFL increased gradually after participants entered the plateau.
The third row, C1 to C4, shows the thickness of the peripheral capillaries of the optic disk. Row C4 shows the blood flow density maps of
the peripapillary network around the optic disk, which also increased gradually after entering the plateau. (B) Map of tissue thickness and
blood flow density changes in the macular region. The first row, A1 to A4, shows the three-dimensional thickness maps of the macular central
concavity region. The volume of the central concavity is labeled in the lower left corner; it gradually increased upon entry into the plateau.
The second row, B1 to B4, shows the RNFL thickness maps of the macular region. The green R1 in the lower left corner indicates the average
thickness of the inner ring of the region around the optic disk concavity, and the red R2 in the lower left corner is the average thickness of
the outer ring. It can be seen that the RNFL thickness increased gradually after exposure to the plateau. The third row, C1 to C4, shows the
SCP with macular diameter of 2.5 mm; the images were processed by OCTAVA binarization to calculate the average vessel diameter within
the image, which gradually increased after entering the plateau, indicating that the blood vessels were dilated to a certain extent. The fourth
row, D1 to D4, shows the skeletonization of the third row of the images, and the vessel length density (VLD) was calculated, which can be
seen to gradually increase in the plateau environment. The fifth row, E1 to E4, shows the blood flow density maps of the macular region,
which are analyzed automatically by the instrument; the average blood flow density of the paracentral notch ring is shown in the lower left
corner, which also increases gradually with entry. BL, baseline; HA, high altitude; ILM, inner limiting membrane.

inner ring thickness (odds ratio [OR] = 0.854, P = ROC curve [AUC] = 0.645, P = 0.008) and outer ring
0.010) and the rate of change in outer ring thickness (AUC = 0.672, P = 0.002) had moderate accuracy. For
(OR = 0.835, P = 0.023) were statistically significant. every 1-unit increase in the rate of change in the thick-
The ROC analysis of the inner ring (area under the ness of the RNFL, there was an overall decrease in the



translational vision science & technology

Fundus Changes by OCTA may be Related to AMS

(B)

TVST | December 2023 | Vol. 12 | No. 12 | Article 15 | 7

HA-Day3 HA-Day5

Macular Fovea
Volume (mm3)

RNFL (ILM-RNFL/GCL;

46

d 47 N P 48 J
(22(6)2) 58 | [ 26 (22(4)27) 58 | [ 26 (22(4)27) 61 |

33
oY

Macular RNFL
Thickness (um)

Mean SCP
Vessel Diameter
(pm)

SCp :
Vessel Length Density "¢

(%) T

Macular SCP
Vessel Density (%)

Figure 1. Continued.

AMS score of 0.374 (inner ring) or 0.288 (outer ring)
(Fig. 2). The RPC (P = 0.085) and the inner retinal
ring GCL (P = 0.273) did not have statistically signifi-
cant relationships with AMS occurrence (Table 3). The
choroidal thickness growth rate in the central macular
recess (r = —0.272, P = 0.003) and region around the
optic disk (r = —0.366, P < 0.001) were negatively
correlated with the rate of heart rate change. The rate
of decrease in final oxygen saturation was positively
correlated with the rates of increase in the thickness

RNFL (ILM-RNFL/GCI

RNFL (ILM-RNFL/GCL,

[ RNFL (ILM-RNFL/GCL

N

of the inner macular ring (r = 0.214, P = 0.022), the
outer ring (r = 0.230, P = 0.014), the region around
the optic disk RNFL (» = —0.222, P = 0.017), and
the outer macular ring GCL (r = —0.237, P = 0.011).
The rate of decrease in final oxygen saturation was
negatively correlated with the rates of increase in the
superficial macular central recess VD (r = —0.238,
P =0.011) (Supplementary Table S5). Figure 3 demon-
strates a nomogram model of the rate of change of
the RNFL in the inner and outer macular rings versus
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Correlation analysis of the rate of increase in macular inner and outer ring thickness with the occurrence of change in AMS.

(A, €) Correlations between the rate of change of macular inner and outer ring RNFL thickness and AMS score; both have significant but
weak correlations. It can be seen that, for every 1 unit increase in the thickness change rate of RNFL, the overall AMS score decreased by
0.3736 (inner ring) or 0.2875 (outer ring). (B, D) Graphs show the ROC curve analysis of the two parameters with the occurrence of AMS,
which indicates that the rate of thickening of macular RNFL has some ability to identify the occurrence of AMS.

the risk of AMS. It had a calibration curve C-index of
0.659. The decision analysis curve (Supplementary Fig.
S4) suggested that the model is applicable for AMS risk
thresholds in the range of 10% to 28%.

Our study found small but significant patterns
of changes in retinal and choroidal vessel morphol-

ogy (diameter, length, tortuosity), blood flow density,
and histology (thickness, area, and volume) in the
macula and the region around the optic disk in
a healthy population living at low altitude who
enter a plateau hypoxic environment. The rate of
change in RNFL thickness in the inner and outer
macular rings was negatively correlated with AMS
score, which has some accuracy in determining AMS,
and ocular markers correlated with heart rate and
oxygen saturation were found. These findings will
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Table 3. Correlation Analysis Between Change Rate of OCTA Parameters and AMS Scores and Regression Analysis
for Whether AMS Occurs (n = 114)

Parameters r (95% Cl) P OR (95% ClI) P
SCP VLD —0.063 (—0.244~0.123) 0.507 1.009 (0.996~1.053) 0.699
SCP FD —0.003 (—0.186~0.181) 0.978 1.031 (0.867~1.225) 0.731
SCP meanD —0.030(—0.213~0.155) 0.751 0.998 (0.988~1.007) 0.656
DCP —0.025 (—0.208~0.160) 0.794 1.004 (0.989~1.020) 0.567
Vessel density
Macular central
Vvl 0.005 (—0.179~0.189) 0.957 0.991 (0.881~1.116) 0.887
SCP 0.093 (—0.093~0.272) 0.326 1.007 (0.974~1.042) 0.681
DCP —0.020 (—0.204~0.164) 0.829 0.998 (0.990~1.007 0.705
Total retina 0.112 (—0.073~0.290) 0.235 1.007 (0.977~1.037) 0.663
Sub-RPE 0.070 (—0.116~0.250) 0.461 0.993 (0.924~1.066) 0.993
Choriocapillaris 0.059 (—0.126~0.241) 0.532 0.968 (0.895~1.048) 0.423
Choroidal vessels 0.018 (—0.116~0.202) 0.847 0.992 (0.937~1.050) 0.786
Macular paracentral
SCP 0.032 (—0.153~0.214) 0.738 1.011 (0.935~1.093) 0.789
DCP 0.018 (—0.166~0.202) 0.846 0.980 (0.906~1.059) 0.607
Total retina 0.074 (—0.111~0.255) 0.433 1.077 (0.924~1.255) 0.344
Optic
RPC —0.205 (—0.375~—-0.022) 0.029 0.905 (0.807~1.014) 0.085
SCP —0.148 (—0.323~0.037) 0.117 0.945 (0.862~1.036) 0.230
DCP —0.122 (—0.299~0.064) 0.198 0.981 (0.956~1.008) 0.162
Total retina —0.128 (—0.305~0.057) 0.174 0.949 (0.860~1.046) 0.292
Choroidal vessel —0.048 (—0.229~0.138) 0.616 0.934 (0.803~1.085) 0.371
Thickness
ART
Central 0.083 (—0.102~0.263) 0.380 1.035 (0.889~1.205) 0.658
Macular region —0.057 (—0.238~0.129) 0.548 0.921 (0.749~1.132) 0.432
Inner concave 0.009 (—0.175~0.193) 0.925 0.999 (0.687~1.452) 0.994
Outer concave —0.131 (—0.307~0.055) 0.165 0.820 (0.595~1.130) 0.225
Optic —0.119 (—0.297~0.066) 0.206 0.906 (0.717~1.145) 0.409
ACT
Macular region —0.172 (—0.345~0.012) 0.067 0.975 (0.936~1.016) 0.223
Inner concave —0.150 (—0.325~0.034) 0.110 0.972 (0.924~1.023) 0.278
Outer concave —0.104 (—0.283~0.081) 0.270 0.979 (0.925~1.036) 0.467
Optic —0.153 (—0.328~0.032) 0.104 0.955 (0.906~1.006) 0.955
ARNFL
Inner concave —0.211 (—0.380~—0.028) 0.024 0.854 (0.757~0.963) 0.010
Outer concave —0.211 (—0.380~—0.028) 0.024 0.835(0.715~0.976) 0.023
Optic —0.050(—0.232~0.135) 0.597 0.973 (0.903~1.047) 0.463
AGCL+
Inner concave 0.211 (0.039~0.389) 0.018 1.107 (0.923~1.328) 0.273
Outer concave —0.005 (—0.189~0.179) 0.961 1.114 (0.828~1.500) 0.475
Optic 0.010 (—0.174~0.194) 0.913 1.017 (0.958~1.079) 0.586




translational vision science & technology

Fundus Changes by OCTA may be Related to AMS

TVST | December 2023 | Vol. 12 | No. 12 | Article 15 | 10

Risk of AMS

Points

op

0 20 4 60 80 100
Quter.RNFL
12 8 4 ) 3
2.45
Inner.RNFL
12 8 4 £ 4 8 12 16
0.88
Total points
78.5
20 40 60 0 100 120 140 160 180
0.542
Pr( ) , . , . )
2 04 0.6 0.8 0.88 0.92

Figure 3.

Risk nomogram of whether AMS has occurred. The rate of change from baseline in the thickness of the inner and outer rings of

the RNFL in one randomized subject was 0.88 (score 40.5) and 2.45 (score 38), for a total score of 78.5, which corresponds to a risk of 54.2%
of possibly having AMS. With the increase in the rate of change, the corresponding score decreased and the risk of AMS decreased, which
can be seen as a guide to the occurrence of AMS and can serve the clinic better.

help explain the self-regulatory, adaptive changes that
occur in the human body after an acute altitude
increase.

The fundus has two systems, the retina and
the choroid, the former being mainly regulated by
local metabolism with low blood flow and high
oxygen extraction>’ and the latter being innervated
by autonomic nerves with a high perfusion rate and
low oxygen consumption.”* We found an increase in
macular SCP vessel diameter during hypoxia, as has
been reported previously,>>->° probably due to altered
vascular permeability and local production of vasoac-
tive mediators.”® Because retinal SCP and DCP vascu-
latures respond to changes in oxygen partial pressure
differently and regulate by different mechanisms,?’
experiments in simulated hyperoxia and hypoxia have
found that contraction of the DCP is more pronounced
in hyperoxic environments, whereas the diastole of the
SCP is more pronounced in hypoxic environments,
possibly explaining the dilatation of our SCP and
the contraction of our DCPS The exact mechanism
is not clear. It has been stated that an increase in
tortuosity suggests pathological microvascular remod-
eling or ischemia.!” Additionally, the FD is an objec-

tive parameter for assessing microvascular morphol-
ogy; for example, when observing the progression of
diabetic retinopathy (DR),?® a decrease in FD indicates
a worsening of the DR.? Therefore, in our results,
the unchanged tortuosity of the SCP and the signifi-
cant increase in FD in the presence of hypoxia on the
plateau suggest that the healthy fundus vasculature can
counteract the changes in hypoxia by self-regulation.
Finally, the reduction in area and circumference of
the FAZ in the superficial macula was mainly due to
an increase in vessel diameter, whereas the decrease in
roundness indicated some concomitant vascular distor-
tion. Consistent with previous studies,’*>>-3° we found
increased blood flow density in the retinal macula
and parafoveal retinal layers. In particular, although
the macular retinal DCP vessel diameter decreased,
blood flow density increased because vessel density
is defined as the percentage of blood flow pixels
out of the total area.'>3!:3> This suggests that the
total vascular area per unit area may be increased by
increasing vessel complexity and length density.’? In
contrast to the retina, blood flow density in the choroid
tended to decrease, mainly because of the anatomi-
cal and functional differences between the two.** The
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choroidal arteries are surrounded by autonomic fiber
plexuses and are largely unaffected by changes in
external oxygen partial pressure.®> One study found
that choroidal blood flow density decreased with cold
pressor testing and breath-hold hypoxia and increased
with hyperoxia and hyperventilation, suggesting a
negative correlation between the excitability of sympa-
thetic activity and choroidal blood flow density."
Changes in vascular morphology and blood flow
density were reflected in structural changes. The thick-
ness of all retinal layers in the inner and outer macular
rings and region around the optic disk increased due to
the increase in the blood flow density supplying them.
A positive correlation between retinal thickness and
vascular changes has been reported.?” Our comparison
of the ratio of macular thickness to blood flow density
found no change between measurements, suggesting
that the increase in thickness could be explained by
blood flow density. However, the increase in thick-
ness of the region around the optic disk RNFL was
significantly greater than that of the RPC, suggesting
that, in addition to vascular changes, there was edema
of the RNFL itself.® The decrease in retinal thick-
ness in the central macular sulcus may be due to the
absence of blood vessels in this region, with thinning
in the middle and thickening in the periphery finally
leading to an increase in the volume of the central
macular sulcus. One study found that the increase
in optic nerve sheath diameter reflects hypoxia-driven
optic papilla edema formation, resulting in a decrease
in the volume of the optic disk depression.” There-
fore, our observation of an enlarged optic disk may be
due to blurring of the edges of the optic disk due to
edema, but it does not meet the criteria for a clinical
diagnosis, and, as the edema subsides, the optic disk
area and diameter will decrease'* (Supplementary Fig.
S5). Consistent with other studies, the choroidal thick-
ness of both the macula and the region around the
optic disk increased,'® which may be due to metabolic
edema in the hypoxic state® and may be similar to
plateau cerebral edema®’; however, blood flow density
decreased. Because OCTA does not provide direct
information on blood flow volume,*' we calculated
the cross-sectional CVI, which showed a decrease in
choroidal vascular density, suggesting that choroidal
vasoconstriction and edema of the canal wall and
surrounding tissues result in increased thickness. ">
The retinal vasculature can autoregulate in response
to environmental stimuli.”> However, compensatory
regulation is limited, and exceeding the threshold will
fail to compensate, a major cause of retinal disease.’’
Effective regulation ensures normal retinal function.?
Our study found that the rate of increase in RNFL
thickness in the inner and outer macular rings was

4
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negatively correlated with AMS score in healthy people
in hypoxic environments and was accurate for deter-
mining the occurrence of AMS, suggesting that an
appropriate conditioning response to hypoxia on the
plateau predicts a better adaptation to the environ-
ment and weaker AMS symptoms. According to the
nomogram (Fig. 3), the rates of change of the thick-
ness of the inner and outer rings of the RNFL in one
random subject were 0.88 (score 40.5) and 2.45 (score
38), respectively, totaling 78.5, which corresponds to a
possible risk of AMS of 54.2%. As the rate of change
increases, the corresponding score decreases and the
risk of AMS decreases, so it has a certain role in
guiding whether AMS occurs, and it can serve the clinic
better.

Vascular reactivity to human eye stimulation has
become a distinction between health and disease, and
the severity of impaired vascular reactivity can be used
to monitor disease progression or assess treatment.*
For example, uncontrolled overperfusion in the early
stages of DR suggests that a decrease in autoregulatory
capacity plays an important role in pathogenesis.”’-*3
Under plateau hypoxia, healthy people have increased
cardiac output, increased heart rate, and decreased
SpO,, and blood pressure may also be slightly elevated
temporarily,** all partially recovered during acclima-
tization.*> Our results indicate that blood pressure
remained stable, as only one subject experienced
elevated blood pressure after exercise, which returned
to normal upon return to the plain. However, individ-
uals with cardiovascular and respiratory disease have
a higher likelihood of developing AMS because of
reduced reserve regulation in response to hypoxic
environments.*® Also, dysregulation of the sympa-
thetic nervous system and metabolic vascular control
is associated with severe cardiopulmonary disease and
often precedes clinical symptoms.*”-*® Therefore, it is
interesting that we found ocular parameters associated
with changes in heart rate and oxygen saturation that
indirectly reflect the activity of the systemic autonomic
nervous system. Changes in the retina and choroid
reflect the activity of different regulatory mechanisms.
Because of its high resolution, noninvasive quantifica-
tion,*->" and reproducibility,'*>! OCTA has the ability
to differentiate between the choroid and the retina,'
allowing the detection of subtle changes in the vascu-
lature. This enables it to reflect the local metabolic
and neurological status of the whole body by fundus
changes.*?

Based on our results, we suggest that healthy people
can predict their degree of AMS by testing the struc-
tural reactivity of the fundus through a hypoxia test
before going to a higher altitude. After they enter
a plateau, we can track their status in real time by
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observing the fundus reaction, which can serve as
a window into the changes in whole-body hypoxia.
These measures can offer valuable guidance to travel-
ers headed to high-altitude areas.

Limitations

Although we were well prepared, there were some
shortcomings to this study. First, because OCTA
measurements had never been performed in such an
environment, systematic errors could not be completely
ruled out, but we were very careful to calibrate the light
source and other factors according to the manufac-
turer’s comprehensive instructions.® Second, because
of technical limitations, vessel diameter and torsion
could not be analyzed in the choroid and optic papilla.
Our vessel density was fixed with built-in stratification
boundaries and could have been affected by individ-
ual differences, but our comparisons were repeated
measurements of our own controls, and segmenta-
tion line correction was performed separately for each
scan when analyzing each stratification index.?° Third,
the AMS risk nomogram does not have high consis-
tency or applicability, and further research is needed
to improve its clinical applicability. Finally, the age
range of the research subjects was relatively narrow.
Although the sample size was larger than earlier ones,
the validity of the results must be verified by additional
studies.

Conclusions

We identified the patterns of vascular and structural
changes in the different layers and regions of the retina
and choroid under hypoxic conditions in a real plateau
hypoxic environment using OCTA, a safe, convenient,
quantitative, reliable technology. The measurements
indirectly reflected the role of sympathetic nerves and
local metabolism in the regulation of ocular vascula-
ture, providing a large amount of real-world data. In
particular, increased RNFL thickness in the paracen-
tral macula was identified as a potential marker for
the development of AMS, as were ocular parame-
ters associated with changes in heart rate and oxygen
saturation. These features can serve as a window into
the hypoxic damage to the brain and the whole body.
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