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Purpose: We tested the hypothesis that a questionnaire-based risk score predicts
the prevalence of patients with primary open-angle glaucoma (POAG) with vascular
predisposition.

Methods: The Flammer Syndrome Questionnaire (FSQ) was used to determine
vascular risk scores in 823 healthy subjects and 512 patients with POAG. Next, we
characterized blood flow pulsatility changes within the optic nerve head (ONH) in
Flammer syndrome (FS) using laser speckle flowgraphy (LSFG) in 358 eyes of 206 patients
with normal-tension glaucoma (NTG). Last, we examined the association between
changes in Mean blur rate (MBRaye), an LSFG-derived ONH blood flow measurement,
during cold provocation and the FSQ risk score in 56 eyes of 56 patients with NTG.

Results: Five FSQ-related symptoms were significantly associated in patients with POAG
patients; cold hands/feet (odds ratio [OR] = 1.82), low blood pressure (BP; OR = 3.29),
increased response to drugs (OR = 2.27), underweight (OR = 1.99), and tendency
toward perfectionism (OR = 1.88). The vascular risk score showed the best discriminative
accuracy in differentiating healthy subjects from patients with NTG (area under the curve
[AUC] = 0.73). In the NTG eyes, ONH pulsatile blood flow in the FS group was
characterized by greater pulsatility. Moreover, the negative correlation between the
high FSQ risk score and the cold-induced ONH blood flow reduction was pronounced
in eyes with NTG (correlation coefficient = -0.41).

Conclusions: The FSQ risk score can be a screening tool to identify patients with POAG
with increased vascular stiffness and further reduced ONH blood flow during cold stress.

Translational Relevance: The vascular risk score may help tailor individual glau-
coma care.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. @. BY _NC_ND
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Introduction

A common framework in the pathophysiology of
glaucoma is the progressive loss of retinal ganglion
cells (RGCs) and their axons.! As the optic nerve
head (ONH) is constantly exposed to fluctuating blood
flow and biomechanical stress, efficient vascular perfu-
sion is considered a critical element to meet the high
metabolic demands of RGC axons.? Therefore, vascu-
lar dysfunction may compromise the ONH perfu-
sion and play a pivotal role in the disease process
of primary open-angle glaucoma (POAG),** notably
normal-tension glaucoma (NTG). Importantly, previ-
ous randomized studies in NTG eyes have shown that
whereas intraocular pressure (IOP) lowering therapy
reduces disease progression, the treatment is less effec-
tive in patients with vascular components, including
low systemic blood pressure (BP) and/or low ocular
perfusion pressure (OPP).>”7 Thus, developing tools
to estimate individuals predisposed to vascular vulner-
ability may provide new insights into understanding
heterogeneity in glaucoma pathogenesis and manage-
ment.

Flammer syndrome (FS), also known as primary
vascular dysregulation syndrome, is a phenotype
characterized by complex symptoms resulting from
vascular dysregulation.®? Previous studies have
revealed that FS is associated with several ocular
diseases, including retinitis pigmentosa and NTG.!°
The Flammer Syndrome Questionnaire (FSQ), consist-
ing of 15 symptoms commonly observed in individuals
with FS, has been used to screen for this pheno-
type.''"1* However, the frequency of each symptom
used in the questionnaire and its effect size varies
from disease to disease. Notably, the involvement of
FS-related symptoms in glaucoma subtypes, such
as high-tension glaucoma (HTG), remains an open
question.

Vascular stiffness, a diminished capacity for vascu-
lar elasticity, has emerged as a critical component
associated with neurodegeneration'*!> and aging,'¢
a major risk factor for POAG. Stiffer vessels result
in reduced vascular compliance or increased vascular
resistance, accelerating blood flow instability through
increased transmission of pulsatile energy (greater
pulsatility) in the capillaries.!” A study examining
retrobulbar blood flow using color Doppler imaging
showed that elevated vascular resistance was found in
subjects with FS.!® Nonetheless, the ONH blood flow
characteristics at the capillary level in patients with
glaucoma with FS remain elusive.

Laser speckle flowgraphy (LSFG) imaging technol-
ogy offers high-resolution in vivo assessment of deep
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ONH hemodynamics derived from the ciliary arter-
ies that nourish the lamina region, a central site
of glaucomatous RGC axonal damage.!” The mean
blur rate (MBR), a key parameter of LSFG, is
linearly correlated with blood flow,!>-?* and continu-
ously recorded changes in MBR allow parameteriza-
tion of the pulsatile waveform.?!>> Although there is
no direct way to measure vascular resistance within
the ONH yet, it has been shown that the LSFG
pulsatile parameters, which are implicated with high
vascular resistance to the ONH, alters with decreasing
OPP?*-?* and predicts disease progression in glaucoma
suspects.”

Furthermore, LSFG has the advantage of assess-
ing hemodynamics within the ONH challenged by
changes in OPP,?3>*:26 posture,>’ hyperoxia,”® 3 and
cold temperature.’! Cold exposure induces capil-
lary vasoconstriction via sympathetic autonomic
activation,’> and excessive cold-induced nail capil-
lary constriction has been reported in patients with
NTG and individuals with FS.33-3% Recently, we estab-
lished a protocol using LSFG to evaluate autonomic
innervated deep ONH blood flow dynamics during
cold-water provocation and found that decreased
ONH blood flow after cold stress in NTG eyes corre-
lated with peripheral nail capillary constriction.’!
Thus, the longitudinal evaluation of the blood flow
alterations subjected to cold provocation, as well as the
analysis of ONH blood flow pulsatility using LSFG,
is of great value in characterizing ONH blood flow
impairment in glaucoma with vascular susceptibility.

In this study, we used the FSQ and LSFG to
address the following key questions: (i) Which FS-
related symptoms that comprise the FSQ are more
common in patients with POAG, including NTG and
HTG? (i) Is there a characteristic ONH blood flow
pulsatility in patients with NTG with FS stratified
by the FSQ risk score based on the effect sizes of
glaucoma-related symptoms? (iii) Is there a correla-
tion between the FSQ risk score and ONH blood flow
changes during cold stress in NTG eyes? Our results
suggest that the FSQ risk score may be a promising tool
in identifying POAG, notably patients with NTG with
vascular susceptibility who exhibit blood flow instabil-
ity within the ONH and markedly reduced ONH blood
flow during cold stress.

Materials and Methods

Study Subjects

An overview of the experimental design, consist-
ing of three-step protocols, is shown in Supplementary
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Table 1. Demographic Characteristics of the Study Subjects
Cold
F>Q LSFG Analysis Provocation
Variables Controls HTG NTG NTG NTG
Number of subjects 823 219 293 206 56

Subject age, y

55.0 (43.0-68.0)

63.0 (54.0-71.0)

BMI, kg/m2 23.0(20.5-25.5) 23.0(21.2-25.4)
Male/female, n 333/490 122/97

SBP mm Hg 130 (118-140) 134(121-148)
DBP, mm Hg 78.0 (70.0-85.0) 78.0(71.0-88.0)
Pulse rate, bpm 75.0 (69.0-83.0) 70.5(63.0-76.3)
FSQ risk score 1.76 (1.28-2.56) 2.25(1.88-2.83)

59.0 (47.0-68.0)
20.1 (19.7-24.1)
127/166
124 (113-136)
73.0 (65.0-81.0)
69.0 (62.0-76.0)
2.29(1.68-3.27)

56 .0 (45.0-65.3)
22.1(19.7-24.5)
89/117
122 (112-136)
73.0 (66.0-81.0)
69.0 (62.0-77.0)
2.28 (1.85-2.89)

62.0 (53.3-70.8)
22.7 (20.6-25.0)
34/22
128 (110-156)
78.0 (64.3-85.8)
69.0 (60.3-73.5)
2.57 (2.04-2.91)

BMI, body mass index; DBP, diastolic blood pressure; FSQ, Flammer Syndrome Questionnaire; HTG, high tension glaucoma;
LSFG, laser speckle flowgraphy; NTG, normal tension glaucoma; SBP, systolic blood pressure.

Data are expressed as the median (interquartile range).

Figure S1. The procedure in all experiments followed
the tenets of the Declaration of Helsinki and was
approved by the Institutional Review Board of the
Tohoku Graduate School of Medicine (Protocol
number: 2021-1-430). After written informed consent,
all subjects were enrolled in the study.

All experiments were consecutive and included 551
patients with POAG recruited at Tohoku Univer-
sity Hospital. All patients with POAG underwent
a complete set of ophthalmologic examinations,
including IOP as measured with Goldmann appla-
nation tonometry, iridocorneal angle assessment by
gonioscopy, circumpapillary retinal nerve fiber layer
thickness (cpRNFLT) measurement with a spectral-
domain optical coherence tomography (SD-OCT 2000;
Topcon Co., Tokyo, Japan), and visual field measured
with 24-2 program of the Humphrey Field Analyzer
(Carl Zeiss Meditec, Dublin, CA, USA). All patients
with POAG were diagnosed by glaucoma special-
ists and met the following diagnostic criteria: (i)
glaucomatous optic disc changes, including neuroreti-
nal rim thinning, notching, or cupping; (ii) glauco-
matous visual field defects that meet Anderson-
Pattela criteria’® obtained from reliable visual testing
(fixation errors <20%, false positives <33%, and false
negatives <33%); (iii) normal open-angle, and (iv)
no history of ocular or systemic disecase causing
optic nerve degeneration or secondary vascular dysreg-
ulation,” and potentially associated with FS other
than glaucoma,!® including high myopia (axial length
>26.5 mm), optic neuritis, retinitis pigmentosa, multi-
ple sclerosis, Raynaud’s disease, breast cancer, and
metastatic cancer, as well as cardiovascular events due
to metabolic syndrome throughout the studies and of
ocular laser or incisional surgery for experiments 2
and 3.

Eight hundred twenty-three healthy subjects were
recruited from volunteers at Katta General Hospital
in the same region as the Tohoku University Hospital.
The inclusion criteria were normal findings on a slit-
lamp and funduscopic examination. Exclusion crite-
ria were history of ophthalmic or general disorders,
ocular laser or incisional surgery in either eye, systemic
or topical medication, and family history of glaucoma
based on self-report. Thus, by recruiting individuals
from the same region diagnosed by detailed eye exami-
nations, we attempted to ensure an unbiased selection
of POAG cases and healthy controls and minimize
potential regional disparities to identify FS symptoms
commonly seen in glaucoma. The demographic charac-
teristics of the study subjects are shown in Table 1.

The Flammer Syndrome Questionnaire

To estimate the risk of vascular predisposition in
patients with glaucoma, 512 patients with POAG and
823 healthy subjects completed a modified Japanese
version of the FSQ developed at the University of
Basel, Switzerland (Supplementary Fig. S2). As in
the original version, the questionnaire consisted of
15 items, and subjects were asked to select one
of the following 3 or 4 options for each question
except for thirst sensation and body shape: “often
(yes),” “sometimes,” “never (no),” or “I don’t know.”!?
Similarly, for the feeling of thirst, as in the origi-
nal version, subjects were asked to choose one of the
following four options: “I am a little thirsty and I drink
alittle,” “I am a little thirsty and I drink because I know
I have to drink,” “I am very thirsty and I drink a lot,”
or “Both thirst and drinking behavior are normal.”
However, in the cohort of our preliminary study, we
found that self-assessment of body shape varied widely
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among individuals. Therefore, we modified the four
options presented in the original version: “very slim,”
“slim,” “average weight,” and “overweight” to describe
their height and weight to calculate body mass index
(BMI). After subsequent preliminary validation of the
comprehensibility of the modified FSQ, we found that
5 of these 15 questions showed significant associations
with the POAG group and were extracted: Q1 cold
hands/feet, Q3 low BP, Q9 increased response to certain
drugs, Q12 underweight, and Q13 tendency toward
perfectionism. Then, an FSQ risk score for glaucoma
was calculated based on their effect sizes (experiment
1.1).

Next, we examined whether the frequency as well
as effect size of each questionnaire differed in the
glaucoma subclass. Based on IOP values measured
with Goldmann applanation tonometry at the time of
untreated or diagnosis, the cases were further classi-
fied into 219 HTG, defined as peak IOP greater than
or equal to 22 mm Hg, and 293 NTG, defined as peak
IOP less than 22 mm Hg, and the FSQ risk score was
compared for each disease type (experiment 1.2).

Laser Speckle Flowgraphy

Of the 293 patients with NTG enrolled in exper-
iment 1.2, there were 358 eyes of 206 patients with
NTG with high-quality LSFG images and no history
of ocular laser or incisional surgery that could affect
LSFG images that were included in the analysis (exper-
iment 2). Subjects were classified into an FS group (50
eyes of 27 patients) and a non-FS group (308 eyes
of 179 patients), using the mean of FSQ risk score
obtained from healthy subjects + 2 standard deviations
cutoff value. The ONH blood flow and its pulsatility
were characterized using LSFG for each group.

ONH blood flow was measured with the LSFG-
NAVI (Softcare, Co., Ltd., Fukutsu, Japan). The
principles of LSFG have been previously described
in detail.’” Briefly, the LSFG device consists of a
fundus camera equipped with a diode laser (830 nm
wavelength) and an ordinary charge-coupled device
sensor (750 x 360 pixels). This instrument measures the
speckle contrast pattern generated by the interference
of the laser scattered by blood cells moving in the blood
vessels.

The MBR, a primary variable, varies temporally
and spatially with the amount and rate of blood
movement and correlates well with blood flow within
the ONH.!?-2° MBR images of the fundus are acquired
continuously at 30 frames per second over 4 seconds
and then averaged to produce a composite map of
ocular blood flow. The included internal analysis
software automatically separates the MBR map into
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the large vessel and tissue (capillary) regions of the
ONH to determine values specific to each. In this study,
we focused on the MBR of the tissue (capillary) area
because it has been reported to represent the blood flow
of the deeper regions at the ONH.!”

Furthermore, the LSFG-NAVI software synchro-
nizes all MBR images taken with the cardiac cycle,
displays the average MBR of the heartbeat as a heart-
beat map, and generates many pulsatile waveform
parameters. A schematic description and the formu-
las used to calculate these variables are described
elsewhere.??-?43% In this study, we included the follow-
ing waveform parameters, which associated consis-
tently with changes in OPP,?*->4:38:3% a5 well as the mean
MBR value:

Average mean blur rate (MBR pye) — MBR gy

represents a surrogate measurement for mean ONH
blood flow. A low MBR_,. indicates reduced blood
flow.

Blowout score (BOS) — The BOS is considered a
measure of blood flow maintained in one heartbeat
(heart rate width) and is calculated using the differ-
ence between the maximum and minimum MBR and
the mean MBR. A low BOS indicates a large pulsatile
waveform of blood flow during the cardiac cycle and
stiffer vessels.

Resistivity index (RI) — The R1 is the range of MBR
values expressed as a percentage of the maximum value,
(maximum-minimum)/maximum, which has the same
interpretation as BOS, but the signs are reversed (i.e.
a high RI means stiffer vessels). It is similar to the
widely used resistance index defined as (Velocitygysiole—
Velocitygiastole ) VeloCitysystote, * which relies on vascular
resistance and compliance.*!

Fluctuation — This parameter indicates blood flow
instability, proportional to the average variation in
MBR divided by the average MBR of the waveform.

Flow acceleration index (FAI) — FAl is the maximum
increase in MBR between two image frames (frame rate
1/30 second).

Prior to LSFG measurements, the patient’s pupils
were dilated with the muscarinic antagonist 0.4% tropi-
camide (Mydrin M; Santen Pharmaceuticals, Osaka,
Japan). After administration of Mydrin M, the patient
sat in a dark, quiet room for 15 minutes to allow the
pupil dilation to stabilize, LSFG was taken 3 times,
and the mean of the LSFG data with ensured image
quality in the entire series (ONH vascular cloud >0.28)
was used. BP and pulse rate were monitored in the
brachial artery at the height of the heart (HBP-1300;
Omron Colin Co., Ltd., Tokyo, Japan). Mean arterial
BP and mean OPP were calculated as follows: mean BP
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= diastolic BP + 1/3 x (systolic BP —diastolic BP), and
OPP= 2/3 x mean BP - IOP.

Cold-Water Provocation Test

Last, the cold-water provocation test was used
to detect the impaired vascular response to external
stimuli, a primary symptom of FS. This prospective
study comprised 56 eyes of 56 patients with NTG,
including newly enrolled 17 eyes of 17 patients with
NTG (experiment 3).

The provocation test was performed as previously
described.’! All subjects were tested in the evening,
between 4:00 PM and 6:00 PM, after 15 minutes of
seated rest in a dark, quiet room at a temperature of
20°C. A representative image of the testing protocol is
shown in Supplementary Figure S1. The testing proto-
col included four phases: (1) a baseline phase, in which
baseline measurements of LSFG-derived parameters,
BP, pulse rate, and IOP were taken three times each;
(2) a warm phase, in which subjects immersed their
right hand in warm water at 40°C for 2 minutes; (3) in
the cold phase, subjects immersed their right hand in
cold water at 4°C for 1 minute; And (4) in the recov-
ery phase, LSFG-derived parameters, BP, pulse rate,
and IOP were measured 2 and 4 minutes after the cold-
thermal induction. We measured baseline IOP with a
Goldmann tonometer, whereas IOP during the cold-
provocation test was measured with a portable tonome-
ter (Icare; Tiolat Oy, Helsinki, Finland).

As our previous study showed that MBR,,. fell
the most 4 minutes after the cold provocation,’! the
percentage changes of MBR,,. at 4 minutes relative
to baseline was calculated and analyzed for correlation
with the FSQ risk score.

Statistical Analysis

Univariable correlation analysis was performed
prior to multivariable analysis throughout all experi-
mental protocols.

In experiment 1, a logistic regression analysis was
performed to determine the effect size of each FSQ
item among patients with POAG and healthy subjects
as an exploratory data analysis. Following a previ-
ous study,!? for each item, the most positive response,
“often (yes),” or “I am little thirsty and I drink
a little” was set to 1, whereas the other response
categories (“sometimes,” “never (no),” and “I do not
know”) were set to 0. For body shape, BMI was
calculated from the weight and height reported in the
questionnaire. Based on the World Health Organi-
zation (WHO) reference,*” a BMI of less than 18.5
kg/m? was defined as underweight and set to 1; other-
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wise, it set to 0. For this analysis, the female patients
were set to 0 and the male patients to 1. Odds ratios
(ORs) and 95% confidence intervals (95% Cls) were
calculated for each item. Principle component analy-
sis (PCA) was implemented to extract items that
contribute primarily to the first principal component.
The ability to discriminate between healthy and POAG,
NTG, or HTG eyes was analyzed by the area under
the curve (AUC) of receiver operating characteris-
tic (ROC) curve analysis adjusted for covariates by
age and sex, using risk scores calculated from the
effect size of items that showed a significant associ-
ation with POAG. Z-test was used for the AUC
comparison between NTG and HTG eyes. Fisher’s
exact test was used to compare the frequency of FS
with high FSQ risk scores in the control and POAG
groups.

In experiment 2, we conducted a regression analysis
using a linear mixed-effects model, with each clinical
parameter as the dependent variable and the distinc-
tion between the FS and non-FS groups as the indepen-
dent variable. A nested random-effects structure was
applied, with subjects modeled as a random effect
with random intercepts, and both eyes treated as
repeated measures to account for within-subject corre-
lation. Multivariable linear mixed-effects model regres-
sion analysis was used to analyze LSFG pulsatile
waveform parameters to identify factors contributing
to FS. LSFG pulsatile waveform parameters, age, sex,
pulse rate, mean OPP, axial length, and cpRNFLT were
explanatory variables in the model.

In experiment 3, a 1-way analysis of variance
(ANOVA) test was used for the changes in MBR 5., BP,
pulse rate, IOP, and mean OPP during the cold-water
provocation test. Pearson correlation coefficient was
used to correlate the percentage changes of MBR 4y
with the FSQ risk score.

All statistical analyses were performed using R
software (version 3.2.5). Because the FSQ risk score
calculated from POAG-related questions with P values
less than 0.05 showed the highest R-squared value
(0.14) and discriminative power (AUC = 0.69, 95% CI
= 0.66-0.72) in the present POAG cohort, we set the
significance threshold at P < 0.05 for all experimental
protocols.

Experiment 1.1. Development of Vascular
Risk Score for POAG

First, we examined correlations between the 15
questions from FSQ and age and sex. Univariable
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Figure 1. (A)Forest plot showing ORs and 95% Cls for each FSQ item in patients with POAG. Red fonts indicate items that showed significant

associations in the POAG. (B) PCA results of FSQ items significantly associated with POAG, age, and gender. (C) Discrimination ability between
healthy subjects and patients with POAG in calculated FSQ risk score showing AUC and 95% CI. (D) Violin plot showing the distribution of
FSQ risk scores in healthy subjects and patients with POAG. The horizontal blue dotted line indicates the cutoff value of the FSQ risk score.
The dotted lines in each plot indicate upper and lower quartiles and medians (Fisher’s exact test; ***P < 0.001).

correlation analysis revealed that those questions have
weak positive and negative correlations with age and
sex (Supplementary Fig. S3). Thus, we conducted a
logistic regression analysis adjusted by age and sex in
the 512 healthy controls and 823 patients with POAG.
The results showed that 5 of the 15 questions were
significantly associated in patients with POAG: Q1 cold
hands/feet (OR =1.82,95% CI =1.14-2.92, P =0.01),
Q3 low BP (OR = 3.29, 95% CI = 1.92-5.80, P <
0.001), Q9 increased response to certain drugs (OR
=2.27,95% CI = 1.51-3.44, P < 0.001), Q12 under-
weight (OR =1.99,95% CI =1.15-3.26, P=0.01), and
Q13 tendency toward perfectionism (OR = 1.88, 95%
CI=1.11-3.10, P = 0.01; Fig. 1A). Additionally, PCA
revealed that the contribution of cold hands/feet (Q1),
low BP (Q3), and increased response to certain drugs
(Q9) to PCI1 was significant (contribution variables

to PC1: 0.30, 0.26, and 0.13, respectively), with Q1
and Q3 being elements with similar characteristics
(Fig. 1B).

The standard regression coefficients for the five
questions that were significant in patients with
glaucoma were then used to calculate the FSQ risk
score for POAG (R-squared value = 0.14) as follows:

FSQrisk score = 0.02562 x Age[years] + 0.6025
x Sex [Female : 0, Male : 1]
+0.5991 x QI +1.192 x Q3 +0.8214
x Q9 + 0.6590 x Q12+ 0.6120 x Q13
ROC curve analysis demonstrated that the AUC

value of the FSQ risk score was 0.69 (95% CI = 0.66—
0.72; Fig. 1C). The probability of a higher FSQ risk
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Q9: Increased response to certain drugs =4 —@—1 242[151391] Q9: Increased response to certain drugs =1 l—Q—l 1.84[1.10-3.08]
Q10: Increased pain sensation - —— 1.17[0.61-222] Q10: Increased pain sensation -1 —6— 0.67 [0.25-1.58]
Q11: Good smell perception — —@—1  073[044-1.18] Q11: Good smell perception - —0—  053(030-091)
Q12: Underweight - —a@®— 2.06[1.11-3.80] Q12: Underweight - —— 199(1.02:385
Q13: Tendency toward perfectionism . e —— 271[1.55-4.77] Q13: Tendency toward perfectionism = —®—  093[043-191)
Q14: Tinnitus - —— 1.21[063-227] Q14: Tinnitus - —e—i 0.85 [0.39-1.75]
Q15: Reversible skin blotches - ——————  037[0.11-1.12] Q15: Reversible skin blotches - —e— 0.57 [0.12-2.03]
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Figure 2.

(A) Forest plot showing ORs and 95% Cls for each FSQ item in patients with NTG. Red fonts indicate items that showed significant

associations in the NTG. (B) Forest plot showing ORs and 95% Cls for each FSQ item in patients with HTG. Red fonts indicate items that
showed significant associations in the HTG. (C) The plotted figure shows the effect estimates for each FSQ item obtained from the NTG and
HTG analyses on a log (OR) scale. Red dots indicate items that showed significant associations in the POAG analysis, and blue dots represent
items that displayed insignificance. The horizontal gray bar on each dot represents the 95% Cls of the effect estimate in NTG. The vertical gray
bar on each dot represents the 95% Cls of the effect estimate in HTG. The line is the linear regression line that best fits the data. The dotted
area indicates the 95% Cl of the regression line. (D) Comparison of discrimination ability between healthy subjects and patients with NTG
(red) and between healthy subjects and patients with HTG (blue) in calculated FSQ risk score showing AUCs, 95% Cls, and P value (Z-test).
(E) Violin plots showing the distribution of FSQ risk scores in healthy subjects, patients with NTG, and patients with HTG. The horizontal blue
dotted line indicates the cutoff value of the FSQ risk score. The dotted lines in each plot indicate upper and lower quartiles and medians
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(Fisher's exact test; ***P < 0.001).

score in the patients with POAG group was signifi-
cantly greater: 89 of 512 (16.42%) patients with POAG
had a score above the cutoff value (3.35; mean FSQ
risk score from healthy subjects + 2 standard devia-
tions), compared to only 39 of 823 (4.74%) healthy
controls (OR = 3.95, 95% CI = 2.64-5.84, P < 0.001;
Fig. 1D).

Experiment 1.2. Vascular Risk Score Analysis
in POAG Subtypes

To further assess the clinical relevance of POAG-
associated FSQ risk score, we conducted the subtype-
stratified analyses using 293 cases and 823 controls for

NTG and 219 cases and 823 controls for HTG. All
five questions that were significantly associated in the
overall POAG analysis also showed significant associ-
ations in the NTG group: Q1 cold hands/feet (OR
= 2.17, 95% CI = 1.27-3.74, P < 0.01), Q3 low BP
(OR = 4.96, 95% CI = 2.80-9.01, P < 0.001), Q9
increased response to certain drugs (OR = 2.42, 95%
CI = 1.51-3.91, P < 0.001), Q12 underweight (OR =
2.06,95% CI=1.11-3.80, P =0.02), and Q13 tendency
toward perfectionism (OR = 2.71, 95% CI = 1.55-
4.77, P < 0.001; Fig. 2A). In contrast, 2 questionnaires
that include Q9 increased response to certain drugs
(OR = 1.84, 95% CI = 1.10-3.80, P = 0.01) and Q12
underweight (OR = 1.99, 95% CI = 1.02-3.85, P =
0.04) were associated with HTG, however, the other
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Table 2. Clinical Characteristics of the FS and Non-FS Groups in NTG Eyes

Variables Non-FS Group FS Group PValue
Number of patients, n 179 27 -
Number of eyes, n 308 50 -
Age,y 56.0 (46.0 to 65.0) 60.0 (44.5 to 65.5) 0.58
Male : female, n 78:101 11:16 0.78
Axial length, mm 25.7 (24.6 to 26.7) 25.7 (24.2 t0 26.8) 0.82
Intraocular pressure, mm Hg 13.0(12.0to 15.0) 12.0(11.0to 14.0) 0.15
Ocular perfusion pressure, mm Hg 47.4 (41.8to 53.1) 43.3(38.8t0 55.4) 0.26
Mean blood pressure, mm Hg 90.5 (84.8 t0 98.1) 83.0(77.2t0 102.3) 0.15
Pulse rate, bpm 69.0 (62.0 to 77.0) 74.0 (61.0 to 82.8) 0.30
CPRNFLT, pm 75.1 (63.1 t0 87.3) 75.3(63.5t085.2) 0.80
Mean deviation, dB —559(—9.71to —2.11) —5.10 (—8.65 to —1.00) 0.52
FSQ risk score 2.17 (1.76 to 2.54) 3.64 (3.51 t0 4.03) <0.01"

cpRNFLT, circumpapillary retinal nerve fiber layer thickness; FSQ, Flammer syndrome questionnaire.

Data are expressed as the median (interquartile range).

Linear mixed models were used to analyze the data, focusing on the relationship between the variable and the presence or
absence of FS. Differences were considered significant at P < 0.05.

P <0.01.

3 POAG-associated questionnaires, including Q1 cold
hands/feet (OR =1.52, 95% CI =0.78-2.91, P = 0.20),
Q3 low BP (OR =1.05,95% CI = 0.41-2.54, P =0.91),
and Q13 tendency toward perfectionism (OR = 0.93,
95% CI = 0.43-1.91, P = 0.84) showed insignificant
positive association (Fig. 2B).

Although each FSQ-related symptom had the same
direction of effect for HTG (Pearson correlation coeffi-
cient = 0.68; Fig. 2C), the AUC values between NTG
and HTG significantly differed (0.73, 95% CI = 0.69—

>

NonFS4-NTG

0.76, and 0.67, 95% CI = 0.63-0.70, P = 0.04, respec-
tively; Fig. 2D), and the effect was more prominent
for NTG than HTG. Similarly, the NTG group had a
higher proportion of the outliers in the FSQ score: 68
of 293 (23.21%) patients with NTG had a score above
the cutoff value, compared to 39 of 823 (4.74%) in the
healthy control group (OR = 6.07, 95% CI = 3.98-
9.17, P < 0.001) and 21 of 219 (9.59%) patients in the
HTG group (OR = 2.85, 95% CI = 1.684.83, P <
0.001; Fig. 2E).

Figure 3.

0?5
Heartbeat

(A, B) Representative LSFG heartbeat map of ONH blood flow in NTG eyes without FS (A) and with FS (B). On each image, the

MBR of the ONH region of interest (dotted area) is shown at each measured time point. Arrows highlight the increased change in MBR within
ONH in a single heartbeat in the FS group. (C) Representative LSFG waveforms of ONH blood flow in NTG eyes without FS (gray) and with FS
(red) show greater pulsatility in the FS group compared with the non-FS group.
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These results indicate that the FSQ risk score can
identify individuals with high vascular risk across
POAG subtypes and is highly implicated in NTG.

Experiment 2. Characterizing ONH Blood
Flow Pulsatility in NTG Eyes With FS

Next, we used LSFG to examine the difference in
blood flow pulsatility in the ONH in patients with NTG
with and without FS, because the FSQ risk score was
more relevant in the NTG group than in the HTG
group. Using the FSQ risk score cutoff values described
above, the 358 eyes of 206 patients with NTG were
stratified into FS and non-FS groups, with 50 eyes of
27 patients classified into the FS group and 308 eyes
of 179 patients into the non-FS group. The clinical
characteristics of each group are shown in Table 2.
There were no significant differences in age, gender
distribution, axial length, IOP, pulse rate, or disease
severity (mean deviation [MD] values for visual field
impairment and optical coherence tomography (OCT)-
derived cpRNFLT measurements) in the two groups (P
= 0.15 and P = 0.82, respectively). In addition, mean
OPP and BP tended to be lower in the FL group, but
did not reach significance. (P = 0.15 and P = 0.26,
respectively).

Capillary blood flow pulsatility was mild in the
ONH of patients with NTG without FS (Fig. 3A). In
contrast, a marked increase in pulsatility was observed
in the eyes of patients with NTG with FS (Figs. 3B, 3C).
In the analysis using a linear mixed model corrected
for age, sex, pulse rate, mean OPP, axial length,
and cpRNFLT, we confirmed that LSFG parame-
ters; BOS, RI, Fluctuation and FAI were also deter-
mined as significant contributors to NTG eyes with FS

TVST | April 2025 | Vol. 14 | No.4 | Article9 | 9

Table 3. Linear Mixed Model Analysis of LSFG Parame-
ters Contributing to FS
Response
Variables B (95% Cl) PValue
Blowout Score —0.13 (—0.24 to —0.02) 0.02"
Resistivity Index 0.13 (0.01 to 0.24) 0.02"
Fluctuation 0.14 (0.02 to 0.26) 0.01"
Flow Acceleration 0.20 (0.07 t0 0.32) <0.01"
Index
B indicates the standardized beta; 95% Cl = 95% confident
intervals.

Age, sex, axial length, circumpapillary retinal nerve fiber
layer thickness, ocular perfusion pressure, and pulse rate
were adjusted in generalized linear mixed models. Differ-
ences were considered significant at P < 0.05.

P < 0.05.

“P<0.01.

(B =-0.13, 95% CI = -0.24 to -0.02], P = 0.02; B =
0.13, 95% CI = 0.01 to 0.24], P = 0.02, 8 = 0.14, 95%
CI =0.02 to 0.26, P = 0.01; and 8 = 0.20, 95% CI =
0.07 to 0.32, P < 0.01, respectively; Table 3).

Collectively, these data suggest increased vascular
stiffness in patients with NTG with FS.

Experiment 3. Association Between
Cold-Induced ONH Blood Flow Changes and
Vascular Risk Score

Individuals with FS are hypersensitive to the
increased sympathetic activity response to cold stimuli,
which induces vasoconstriction and reduced blood flow
in ocular circulation and peripheral capillaries.® There-

Table 4. Changes in Clinical Variables During Cold Provocation Test

NTG, n =56
Variables Baseline 2min 4 min P Value
MBRaye, AU 9.83(8.40t0 11.9) 9.70(7.90to 11.4) 9.50(7.90to 11.8) 0.77
%MBRaye, % 0.00 (0.00 to 0.00) —1.52(—8.78 to 3.76) —2.22 (—9.83 t0 7.80) 0.72
SBP, mm Hg 128.0 (110.0 to 155.8) 136.0 (115.5 to 156.0) 134.0 (115.5to 150.8) 0.63
DBP, mm Hg 78.0 (64.3 to 85.8) 75.0 (65.3 to 86.5) 77.5 (65.3 to 88.0) 0.99
IOP, mm Hg 10.5 (9.0 to 14.0) 10.0 (9.0t0 12.8) 10.0 (9.0 to 14.8) 0.73
Pulse rate, bpm 69.0 (60.3 to 73.5) 68.0 (61.0 to 74.0) 68.0 (60.5 to 74.0) 0.89
MBP, mm Hg 93.2 (79.6 to 107.8) 96.3 (81.5 to 109.0) 95.0 (80.8 to 108.9) 0.89
OPP, mm Hg 54.5(41.8t061.0) 52.9(41.8t061.3) 54.1 (42.7 t0 63.0) 0.95

DBP, diastolic blood pressure; IOP, intraocular pressure; MBP, mean blood pressure; MBRaye, tissue-area average mean blur
rate; OPP, ocular perfusion pressure; SBP, systolic blood pressure.

Data are expressed as the median (interquartile range).

%MBRaye indicates the percentage changes of MBRy. relative to baseline. Differences between groups were assessed with

ANOVA test and considered significant at P < 0.05.
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Figure 4.
in NTG eyes without FS (A) and with FS (B). Arrows represent the marked decrease in capillary blood flow within the ONH after cold stress in
eyes with FS. (C) The plotted figure shows the correlation between FSQ risk score and ONH blood flow (MBRa,.) changes during cold stress
in NTG eyes. The line is the linear regression line that best fits the data. The dotted area indicates the 95% Cl of the regression line.

fore, we sought to investigate the relationship between
the FSQ risk score and changes in microcirculation
within the ONH during the cold-water provocation test
in 56 eyes of 56 patients with NTG (mean MD = -8.95
=+ 7.60 decibels [dB]).

Table 4 shows the changes in clinical variables
during cold stress: ocular and systemic parameters,
including IOP and OPP, did not change significantly
(P =0.63-0.95).

Nonetheless, the higher the FSQ risk score, the more
likely MBR Ay, decreased after cold provocation in the
eyes with NTG (Figs. 4A, 4B). Indeed, the FSQ risk
score and the rate of MBR 4. change showed a signif-
icant negative correlation in the NTG group (Pearson
correlation coefficient =—0.41; Fig. 4C), indicating that
cold stimuli can trigger a further reduction of ONH
microcirculation in eyes with high FSQ risk score in
patients with NTG.

For decades, the involvement of blood flow dysreg-
ulation in the pathogenesis of glaucoma has been
suggested, especially in individuals with FS.%-4* Never-

(A, B) Representative LSFG heartbeat maps and waveforms of ONH blood flow changes before and after cold provocation testing

theless, due to the lack of gold standards for diagnosis
of FS, it needs to be clarified how to conveniently strat-
ify patients with glaucoma with FS and the hemody-
namic characteristics of the ONH in these patients.
The FSQ-based risk score developed in this study,
combined with LSFG assessment, may help identify
FS with ONH blood flow instability in patients with
POAG, notably NTG.

First, we used the FSQ to develop a vascular predis-
position risk score for patients with POAG by examin-
ing symptoms commonly observed in the disease. We
found that five items were significantly associated with
POAG: cold hands and feet, low BP, increased sensi-
tivity to certain drugs, underweight, and tendency
toward perfectionism (of note, low BP and increased
drug sensitivity remained associated with POAG
after Bonferroni correction for the number of tests
[P < 0.05/15]). Among them, PCA in this study
revealed that low BP, cold extremities in hands and feet,
and hypersensitivity to certain drugs were the main
characteristics of FS associated with POAG, correlat-
ing with low BP and cold hands and feet.

Remarkably, low systemic BP showed the most
significant effect size associated with patients with
POAG in this study. Previous studies indicate that
adequate BP levels play a pivotal role in effective
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ONH blood flow autoregulation, the mechanisms that
maintain blood flow despite OPP Fluctuations.*** In
line with this, many population studies have confirmed
that low BP or low OPP (due to hypotension and/or
elevated IOP) are critical risk factors for the devel-
opment and progression of glaucoma.*¢~>> Moreover,
accumulating evidence suggests that in glaucomatous
eyes, nocturnal BP dip is also associated with the
worsening of the disease.”>>>* Thus, the attenuation of
blood flow autoregulation due to lower BP, coupled
with Fluctuations in OPP, may cause ONH ischemia-
reperfusion or overperfusion injury when below the
lower limit of autoregulatory capacity, accelerating the
vulnerability of RGCs.

In agreement with previous findings,”® the present
study showed associations with cold hypersensitivity in
hands/feet and low BP. Although the detailed mecha-
nisms in this crosstalk are poorly understood, cold
hands and feet may be associated with reduced blood
flow to the peripheral tissues due to reduced mechanical
stress in blood flow induced by low BP.°® Additionally,
perfectionism observed more frequently in the patients
with POAG has been shown to be associated with a
variety of psychiatric disorders, including anxiety.”’
This disposition may increase susceptibility to psycho-
logical stress. Collectively, increased sensitivity to cold
and psychological stress may cause vascular vulnerabil-
ity, especially in NTG eyes with low BP.

On the other hand, the items increased sensitivity
to certain drugs and underweight were significantly
associated with both NTG and HTG, whereas the
greater involvement of FS in NTG was consistent with
previous studies.” A potential mechanism for increased
drug sensitivity in patients with FS has been reported to
involve energy-dependent ATP-binding cassette (ABC)
transporter proteins,”® which play an essential role in
drug transport out of the cell.’® For example, the
MDRI1 (P-glycoprotein), also known as ABCBI, is
abundantly expressed in human trabecular meshwork
cells, and metabolic stress induces its dysfunction,®
supporting the possible involvement of ABC trans-
porters in glaucoma over a wide range of IOP levels.
In addition, several population surveys have reported
that being underweight increases cardiovascular risk.°!
This finding may be explained by a general metabolic
decline, such as reduced protein and lipid synthesis
that consist blood vessels and their associated enzyme
activity.®? Taken together, increased sensitivity to drugs
and underweight may drive the induction of vascular
dysregulation across POAG subtypes.

Second, we used LSFG to characterize ONH blood
flow pulsatile waveforms in NTG eyes with FS strati-
fied by FSQ risk score. The results showed that despite
similar disease severity and mean ONH blood flow in
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the FS and non-FS groups, ONH hemodynamics in
the FS group was characterized by greater pulsatility
(lower BOS, higher RI, Fluctuation, and FAI). Recent
studies in healthy human volunteers evaluated LSFG-
derived pulsatile parameter changes in ONH capillar-
ies after acute elevation of IOP using tonometry.?*-%*
The results showed that a decrease in OPP due to acute
IOP elevation causes higher resistance to ONH blood
flow, as indicated by changes in pulsatile parameters
such as decreased BOS and increased RI and FAI
In contrast, studies that followed changes in pulsatile
parameters of ONH blood flow in glaucomatous eyes
after trabeculectomy over 3 to 6 months showed an
increase in BOS and a decrease in RI and Fluctua-
tion after surgery, along with an increase in OPP due
to decreased IOP.*:3% Although there are differences in
the degree to which IOP or BP-dependent reduction
in OPP affects ONH blood flow,* the present study
clearly demonstrates that ONH blood flow pulsatile
parameters that are sensitive to changes in OPP — lower
BOS, higher RI, Fluctuation, and FAI — are signature
features of NTG eyes with FS, allowing the quantifi-
cation of increased vascular stiffness and blood flow
instability at the ONH capillaries as a central patho-
genesis of the FS.

Last, we examined the relationship between FSQ
risk score and ONH blood flow changes during
sympathetic-dependent capillary constriction induced
by cold provocation. The results showed that the higher
the FSQ risk score, the lower the mean ONH blood
flow during cold stress, and this negative correlation
was pronounced in the NTG eyes. There are several
potential mechanisms for the relationship between
FSQ risk scores in NTG eyes and reduced ONH
capillary blood flow during cold stimulus induction:
(1) impaired ONH blood flow autoregulation under
glaucomatous conditions,®® (ii) increased vascular
resistance and pre-existing capillary diameter constric-
tion due to tissue remodeling,** and (iii) hyperexcitabil-
ity in the autonomic nervous system due to autonomic
dysfunction,® which may cause capillary hypercon-
traction in response to external cold stress.

There are several limitations in this study. First,
central corneal thickness, diurnal IOP Fluctuations,
and the number of IOP measurements may affect IOP
readings. This may lead to misdiagnosis of NTG in
some patients. Second, the present study lacks a repli-
cation cohort, although the FSQ risk score in this
study was generated using case-control under strict
criteria and corroborates the ONH circulation charac-
teristics of NTG eyes with FS using LSFG, which
ensures the reliability of the FSQ risk score. A meta-
analysis with larger sample size is expected further to
improve the accuracy of the FSQ risk score to identify
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glaucomatous eyes with FS. Third, longitudinal and
prospective studies are needed to examine the relation-
ship between treatment response to IOP reduction and
disease progression in glaucomatous eyes with FS strat-
ified using the FSQ risk score. Despite these caveats,
the vascular risk score developed in this study may
be potentially useful, for example, in determining the
target population for glaucoma with a predisposition
to vascular vulnerability in clinical trials.

In conclusion, the FSQ risk score helps detect
patients with POAG with vascular predisposition,
especially patients with NTG, and the LSFG can be
a valuable tool to quantify the increased vascular
stiffness and instability of ONH blood flow in these
patients and the marked decrease in ONH blood flow
in response to cold stimuli.
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