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Purpose: This study aimed to determine the relationship among microvascular changes, retinal nerve fiber layer (RNFL) thickness,
and visual field loss in pituitary adenoma (PA) patients.

Patients and Methods: Optic disc and macular vessel densities were measured, using optical coherence tomography angiography
(OCTA) in the eyes from PA patients with radiographic chiasmal compression. Comparisons of retinal microvascular and structural
parameters were conducted between PA patients and age/sex-matched healthy controls. The PA group was subdivided into PA with temporal
visual field defects (perimetric PA) and PA without visual field defect (preperimetric PA) groups. The study determined correlation between
microvascular parameters and optic nerve damage, including visual field and structural measurements. Subgroup analyses were performed
to distinguish the different microcirculation characteristics of the perimetric PA eyes and preperimetric PA eyes.

Results: Forty-five eyes from 40 PA patients and 24 eyes from 24 healthy controls were recruited prospectively. Eyes in the perimetric
PA group had significantly decreased optic disc vessel density but slightly increased macular vessel density at superficial retinal
capillary plexus (SCP) level. Eyes in the preperimetric PA group had significantly increased macular vessel density at SCP level. Optic
disc vessel density was inversely correlated with visual field mean deviation and positively correlated with RNFL thickness.
Conclusion: Significantly decreased optic disc vessel density in the perimetric stage but increased SCP macular vessel density in the
preperimetric stage were found in PA patients. Our data suggest that increased SCP macular vessel density may serve as an early
biomarker of preperimetric PA eyes, while decreased optic disc vessel density could be a late biomarker of perimetric PA eyes. Optic
disc vessel density was correlated with RNFL thickness and visual field loss in PA eyes. OCTA is a useful tool to detect retinal
microvascular changes and access the severity of neural impairments in chiasmal compression caused by PA.

Keywords: optical coherence tomography angiography, pituitary adenoma, optic disc vessel density, macular vessel density, chiasmal
compression

Introduction
Pituitary adenoma (PA) is a benign, slow-growing intracranial tumor with a prevalence of 68-94 per 100,000 in the
general population,' ™ being the third most common tumor type among all intracranial tumors.’ The clinical characteristic
manifestations of PA include pituitary hormone hypersecretion and local space occupying effects, especially visual
impairment.®” The most common visual impairment in PA patients is visual field defect, which is typically bitemporal
hemianopia, suggesting an impairment of optic chiasm in the pathogenesis of the disease.®

Chiasmal compression by PA can result in visual dysfunction through several mechanisms including metabolic,
ischemic, and mechanical insults.”'° In the vascular theory, infra-sellar lesion may disturb the ventral blood vessels of
chiasm, thereby selectively affecting the central crossed fibers.'""'> However, chiasmal vascular changes are difficult to
be detected directly. Retinal microcirculation may serve as a surrogate marker for vascular pathology in the visual
pathway and central nervous system.'>'* Recently, optical coherence tomography angiography (OCTA) has been
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developed as non-invasive retinal and choroidal vascular imaging with three-dimensional reconstruction, gaining
popularity in optic neuropathy diagnosis.'>'® To date, a few studies have explored the retinal vessel densities of PA
patients using OCTA, showing a reduction in vessel densities of the papillary region in PA eyes,'” " but there is little
knowledge about macular microvascular changes in PA eyes. In addition, no study has evaluated the early changes of
retinal microcirculation before visual field defect occurs in PA.

In the present study, we evaluated the retinal microvascular changes of both optic disc and macular region in PA eyes.
Meanwhile, subgroup analyses were performed to distinguish the different microcirculation characteristics of PA eyes
with and without visual field defect. The aim of the present study was to determine the relationship among microvascular
changes, retinal nerve fiber layer thickness, and visual field loss in PA patients.

Materials and Methods

Subjects

This was a cross-sectional and case-control study. PA patients with chiasmal compression and age-matched normal
participants (control) were recruited in the Department of Ophthalmology at Huashan Hospital, Fudan University,
between March 2017 and January 2018. The study was approved by the Huashan Hospital Institutional Review Board
and all study conducted adhered to the tenets of the Declaration of Helsinki. Written informed consent was obtained from
every participant prior to enrollment in the study.

PA was diagnosis with brain magnetic resonance imaging (MRI) prior to surgery and confirmed with histopathology. All
enrolled PA patients had chiasmal compression on MRI. Chiasmal compression was defined as at least one scanning plane, the
highest point of the PA was in contact with the optic chiasm, with or without lifting displacement of the optic chiasm.

Exclusion criteria included the eyes co-existing other optic nerve diseases and/or any retinal and ocular diseases,
including diabetic retinopathy, choroidal neovascularization, glaucoma, optic neuritis, high refractive hyperopia or
myopia (more than +6 or —6 diopters), opacities of the ocular media, and ophthalmic surgical treatment. Control eyes
were age-matched volunteers with a refractive error of less than 6 diopters and without any encephalic, retinal, and ocular
diseases, as described.'®

Automated static perimetry was performed using Octopus 101 perimeter (G2 programs, Haag-Streit, Inc., Koeniz,
Switzerland) in PA patients. Abnormal visual field defect was defined as a cluster of three points with a probability <5%
on the pattern deviation map, including at least one point with a probability of <1% or a cluster of two points with
a probability of <1% with respect to the vertical meridian. Visual field defects were all confirmed on two consecutive,
reliable (false-positive errors <15%, false-negative errors <15%, and fixation loss <20%) tests. According to the visual
field test result, PA patients were divided into two subgroups: PA patients with temporal visual field defects (perimetric
PA) and without visual field defect (preperimetric PA).

All subjects underwent complete ophthalmic examinations in the Department of Ophthalmology, Huashan Hospital,
including best corrected visual acuity (BCVA), slit-lamp biomicroscopy, fundus examination, and OCTA examination
(Optovue Inc., Fremont, California, USA; software version 2016.2.0.35). It was considered eligible for the current study
that the OCTA images of the eyes kept reasonable still without significant movement or shadow artifacts and with
a signal strength index score greater than Q6.

We recruited a total of 40 PA patients and 24 healthy controls in the current study. To avoid bias, we included only one eye
for analysis in the control and perimetric PA groups. However, both eyes were included for analysis in the preperimetric PA
group due to the small sample size. Finally, 30 eyes from 30 perimetric PA patients, 15 eyes from 10 preperimetric PA patients
(five eyes had to be excluded because of poor scan quality), and 24 eyes from 24 normal controls were included in the present

study. For the correlation and regression analysis, 40 eyes from 40 PA patients were included.

Image Acquisition and Processing
The RTVue-XR Avanti OCTA system (Optovue, Inc., Fremont, CA, USA) with split spectrum amplitude-decorrelation
angiography (SSADA) software was utilized to detect the microvascular network of study subjects. This device has
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an A-scan rate of 70-kHz scans per second, using a light source centered on 840 nm. Four scans were obtained from each
participant:

1. OCTA imaging of the macula covering a 3x3-mm area centered on the fovea.

2. OCTA imaging of the optic disc covering a 4.5x4.5-mm area centered on the optic disc.

3. Crossline structural scan of the macula.

4. ONH scan of the optic disc to generate retinal nerve fiber layer (RNFL) thickness analysis.

Imagel software was utilized for quantification of the optic disc OCTA images (ImageJ 1.50g, Wayne Rasband, National
Institutes of Health, USA). Four vascular layers (nerve head, vitreous, RPC, choroid) were derived from optic disc OCTA
imaging, and the nerve head layer from selected eyes was analyzed. Each image was processed into a circle with a diameter
of 270 pixels, aligning with the center of the optic nerve head. We used ImagelJ software to extract a binary image of the
blood vessels from the grayscale OCTA image, and then calculated the percentage of pixels occupied by blood vessels in the
defined region (as described above). This binarization technique was previously validated, which involved duplicating the
image and then using a filter on one and a local median threshold on the other.?'** The percentage of pixels occupied by
blood vessels was considered to be close to the average vessel density in the selected range.

The macular OCTA images were analyzed, using the built-in software (Optovue Inc., Fremont, CA, USA; software
version 2016.2.0.35). Vessel density was measured in four vascular layers, including superficial retinal capillary plexus
(SCP), deep retinal capillary plexus (DCP), outer retina, and choriocapillaris plexus (CC). SCP is defined as the blood
flow information between the inner boundary membrane and 10 pm above the lower edge of the inner plexus layer. DCP
is defined as the blood flow information between 10 pm above the lower edge of the inner plexus layer and 10 pm below
the outer plexus layer. The outer retina is defined as between 10 um below the outer plexiform layer and 10 pm above
Bruch’s membrane. CC is defined as blood flow information between 10 um above Bruch’s membrane and 30 um below
Bruch’s membrane. In particular, SCP and DCP constitute the retinal capillary network, which is responsible for

nourishing the inner and middle retina.

Data Analysis

Statistical analysis was performed using IBM SPSS 23.0 software (Chicago, IL, USA). A Shapiro—Wilk test was utilized
to test normal distribution for all continuous variables. Normally distributed variables were presented as the mean
+standard deviation, and variables from non-normal distribution was presented as the median (25th percentile, 75th
percentile). Independent #-tests, chi-square tests and non-parametric tests were used to compare data between PA and
control groups. One-way analysis of variance (ANOVA) or analysis of covariance (ANCOVA) with gender as a covariate
(in order to take account of the influence of gender on vascular parameters) was applied to compare variables between the
perimetric PA, preperimetric PA, and control groups. To determine the relationship between retinal vessel density and
optic nerve damage measurements, Pearson correlation (for variables with normal distributions) or Spearman correlation
(for variables with non-normal distributions) was conducted. Multiple linear regression analysis was used to explore
whether any of the structural and functional parameters were predictive for the retinal vessel density. A p value less than
0.05 was considered significant. To account for multiple testing, two-sided p values were adjusted according to the
method of Benjamini/Hochberg to control the false discovery rate.

Results

General Characteristics

The general characteristics of enrolled subjects are presented in Table 1. Forty PA patients (10 preperimetric and
30 perimetric PAs) with a mean age of 45.5+10.6 years (24-69 years, 18 male and 22 female) were included in this
study. In addition, 24 age-matched controls with a mean age of 50.3£12.8 years (22—67 years, 6 male and 18 female)
were included. There were 4 (10%) adrenocorticotropic hormone-secreting, 11 (27.5%) growth hormone-secreting, 3
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Table | Characteristics of PA Patients and Controls

Total PA Preperimetric PA | Perimetric PA Controls P, Value | P, Value | P; Value

Number of eyes (patients) 45 (40) 15 (10) 30 (30) 24 (24)
Age, years 45.5+10.6 48.416.7 44.5%11.6 50.3+£12.8 0.107% 0.656° 0.070°
Sex, n (%) 0.182° 0.001¢ 0.766°

Male 18 (45%) 9 (90%) 9 (30%) 6 (25%)

Female 22 (55%) I (10%) 21 (70%) 18 (75%)
BCVA, logMAR 0.0 (0.0, 0.1) 0.0 (0.0, 0.0) 0.1 (0.0, 0.2) 0.0 (0.0, 0.0) <0.001¢ 0.704¢ <0.001¢
Visual field mean defect, dB 1.8 (-0.4, 6.0) —0.5 (—1.0, —0.4) 4.7 (1.8, 8.5)
Average RNFL thickness, um 100.4+10.7 103.2+10.5 98.9£10.7 105.1+5.0 0.014* 0.523° 0.015°
Nasal RNFL thickness, pm 72.4£12.0 76.9£10.0 70.2+12.4 76.916.2 0.045* 0.997° 0.020°

Notes: Normally distributed variables are presented as meanztstandard deviation, and variables from non-normal distribution are presented as median (25th percentile, 75th
percentile). *t-Test. ®Post hoc test followed by one-way analysis of variance (ANOVA). “Chi-square test. “Non-parametric test. P, Value = p value of PA versus controls. P,
Value = p value of preperimetric PA subgroup versus controls. P; Value = p value of perimetric PA subgroup versus controls.

Abbreviations: PA, pituitary adenoma; BCVA, best corrected visual acuity; logMAR, logarithm of the minimum angle of resolution; RNFL, retinal nerve fiber layer.

(7.5%) prolactin-secreting, 4 (10%) thyroid-stimulating hormone-secreting, and 18 (45%) non-functioning PAs. The
average disease duration of all PA patients was 17.9+3.9 months and the average volume of tumor was 13.0+3.2 cm®.

The median visual field mean defect of PA group was 1.8 dB. The BCVA in PA group was significantly lower than that of the
controls (p<0.001). The average and nasal RNFL thickness were significantly lower in the PA group than that of the controls
(p<0.05).

Optic Disc and Macular Vessel Density Outcome

Average optic disc vessel density (Table 2) was significantly reduced in the perimetric PA group compared with the
controls (»p<0.05). Neither the whole PA group nor preperimetric PA group was characterized by significant difference of
average optic disc vessel densities, compared to that of the controls. Nasal and temporal sectorial analysis of vessel
densities were also performed, showing that both the nasal and temporal optic disc vessel densities were significantly
reduced in the whole PA group (p<0.05) and perimetric PA subgroup (p<0.01), compared to that of the controls.

In the macular region (Table 2), the average parafoveal SCP vessel density was significantly increased in the whole
PA group (p<0.05) and preperimetric PA subgroup (p<0.05), compared to that of the controls. The average parafoveal
SCP vessel density in the perimetric PA subgroup was slightly higher than that of the controls without significant
difference. There was no significant difference between PA and controls regarding vessel density at DCP levels.

Representative cases of PA eyes with visual field loss and without visual field loss involving their OCTA and
structural measurements are shown in Figure 1.

In addition, the ANOVA or ANCOVA p values and the post-hoc comparison p values based on ANOVA or ANCOVA
analysis for variables among the preperimetric PA, perimetric PA, and control groups are presented in Supplementary Table 1.

Correlation and Regression Analysis
Forty eyes from the enrolled 40 PA patients were included in the correlation and regression analysis. Pearson or
Spearman correlation analysis (Tables 3 and 4) was conducted between retinal vessel density and optic nerve damage

Table 2 Retinal Vessel Density of PA Eyes and Controls

Total PA Preperimetric PA | Perimetric PA Controls P, Value P, Value P3; Value
Average optic disc vessel density, % 61.5x7.0 65.914.8 59.216.6 62.914.3 0.432° 0.164° 0.019°
Nasal optic disc vessel density, % 58.817.5 63.0£5.2 56.817.7 63.0x4.4 0.011° 0.998° 0.001°
Temporal optic disc vessel density, % 57.6+6.8 61.7+4.4 55.7+6.6 62.8+4.0 0.002* 0.657° <0.001°
Average parafoveal SCP vessel density, % 50.1+3.0 51.0+3.9 49.6+2.3 48.3+2.4 0.015° 0.015° 0.085°
Average parafoveal DCP vessel density, % 52.4+3.0 53.4+£1.9 52.0+£3.4 52.8+3.7 0.423° 0.686° 0.400°

Notes: Bold face indicates statistically significant p value. “t-Test. PPost hoc test followed by analysis of covariance (ANCOVA) with gender as covariate. P, Value = p value of
PA versus controls. P, Value = p value of preperimetric PA subgroup versus controls. P; Value = p value of perimetric PA subgroup versus controls.
Abbreviations: PA, pituitary adenoma; SCP, superficial capillary plexus; DCP, deep capillary plexus.
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PA without VF loss PA with VF loss

Corrected probability Greyscale of values Corrected probability Greyscale oof values
30° 8 30° 30

Figure | Representative static perimetry and OCTA microvascular images of PA eyes without visual field loss (left column) and PA eyes with visual field loss (right column).
(A\) Static perimetry using Octopus visual field. (B) Optic disc OCTA scan at optic nerve head (ONH) vascular layer. (C) Macular OCTA scan at superficial capillary plexus
(SCP) vascular layer. (D) Macular OCTA scan at deep capillary plexus (DCP) vascular layer.

measurements in PA eyes. Optic disc vessel density (Table 3 and Figure 2) was negatively correlated with visual field
mean deviation (r=—0.602, p<0.001) and positively correlated with average RNFL thickness (r=0.367, p<0.05), as well as
nasal RNFL thickness (r=0.518, p<0.01). There was no association between the macular vessel densities and optic nerve
damage measurements in our study cohort (Table 4).

Multiple linear regression analysis illustrated that visual field mean deviation and nasal RNFL thickness were
significant predictors of optic disc vessel density (adjusted R?=0.350, p<0.001) (Table 3). For every 1 dB difference in
visual field mean deviation, optic disc vessel density decreased by an average of 0.416%. For every 1 um difference in
nasal RNFL thickness, optic disc vessel density increased by an average of 0.497%.

Discussion
The present study demonstrated a decreased optic disc vessel density and increased macular vessel density at SCP levels
in the PA patients, using OCTA. These microvascular changes were associated with the severity of optic nerve damage,
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Table 3 Correlation and Regression Analysis Between Average Optic Disc Vessel Density and
Variation in PA Eyes

Factor Correlation p value | Regression Coefficient | p value
Coefficient (Beta)

Age 0.294 0.066

Sex —0.238 0.073

Visual field mean deviation —0.602 <0.001 —0.416 0.009

Average RNFL thickness 0.367 0.021 —0.208 0.325

Nasal RNFL thickness 0518 0.001 0.497 0.019

Notes: Bold face indicates statistically significant p value.
Abbreviation: RNFL, retinal nerve fiber layer.

Table 4 Correlation Analysis Between Macular Vessel Densities
and Variation in PA Eyes

Factor Correlation Coefficient | p Value

Average parafoveal SCP vessel density

Age —0.195 0.269
Sex —0.085 0.557
Visual field mean deviation -0.212 0.228
Average RNFL thickness 0.263 0.133
Nasal RNFL thickness 0.007 0.968

Average parafoveal DCP vessel density

Age —-0.347 0.044
Sex —-0.032 0.822
Visual field mean deviation 0.196 0.265
Average RNFL thickness —0.321 0.064
Nasal RNFL thickness —0.333 0.054

Abbreviations: SCP, superficial capillary plexus; DCP, deep capillary plexus; RNFL,
retinal nerve fiber layer.

suggesting that OCTA may be a reliable method to detect retinal microvascular changes and access the severity of optic
nerve damage in chiasmal compression caused by PA.

OCTA provides an objective approach to evaluate retinal microvasculature and distribution, particularly in micro-
circulation related optic nerve diseases, such as glaucoma,15 optic neuritis,”> and ischemic optic neuropathy24 via
determining images in vivo. To date, a few studies have evaluated the potential role of OCTA for detecting microvascular
changes in chiasmal compression. Dallorto et al reported decreased peripapillary retinal perfusion on OCT angiograms in
PA patients.'” Lee et al found significantly reduced radial peripapillary capillary vessel density in patients with pituitary
tumors.'® In addition, Cennamo et al showed a decrease in vessel density of the papillary region in PA eyes.'® Suzuki
et al found that circumpapillary and macular vessel density were significantly reduced in eyes with temporal visual field
defect and were strongly correlated with retinal neural and visual field loss.?® However, no study has evaluated the early
changes of retinal microcirculation before visual field defect occurs in PA. In the present study, we were particularly
interested in microvascular alterations of the optic disc or macular region in PA eyes without visual field defect. We
divided the PA patients into two subgroups: PA patients with temporal visual field defects (perimetric PA) and without
visual field defects (preperimetric PA).

In our current study, the most intriguing OCTA finding is that macular vessel density at the SCP layer was increased
significantly in the eyes from PA with normal visual field. This result suggests that changes in macular vessel density of
the inner retina may precede visual field changes, and therefore SCP macular vessel density derived by OCTA may be
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Figure 2 Scatterplots showing correlations between the visual field mean deviation (A), average RNFL thickness (B), nasal RNFL thickness (C) (x-axis) and the average
optic disc vessel density (y-axis) in PA eyes.

a potential early biomarker for PA eyes. SCP is responsible for the blood supply of the inner retina, including the retinal
nerve fiber layer and ganglion cell layer. Increased macular microvasculature may be an auto-regulatory mechanism and
compensatory reaction to match the metabolic demands of retinal ganglion cells in the early stage under conditions
caused by visual pathway compression. Compensatory increase in macular capillary hemodynamic changes using OCTA
have been reported both in eyes with pan-retinal photocoagulation therapy in proliferative diabetic retinopathy and in
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eyes with optic disc drusen.?>*** However, our finding contrasts with the other OCTA studies of chiasmal compression,
showing that SCP vessel densities of eyes with chiasmal compression are significantly reduced compared with healthy
controls."®" Such discrepancy may be due to the different characteristics of PA patients enrolled in each study.
Compared to prior studies, our study enrolled more PA patients without visual field defect or with only mild visual
field defects. Thus, further OCTA studies with a larger sample size are needed to validate increase in SCP macular vessel
density as an early biomarker for development of visual dysfunction in PA patients.

Also, we demonstrated a reduction of optic disc vessel density in PA eyes with visual field defects. In line with
previous OCTA studies,'”%°
pathy, which might continue to cause further damage even after decompression.’ In addition, we found that average optic

we confirmed that impaired optic disc perfusion is involved in compressive optic neuro-

disc vessel density was strongly correlated with visual field mean deviation. This finding is consistent with Dallorto et al,
showing a good correlation between peripapillary vessel density and visual field mean deviation in 16 eyes from nine PA
patients.'” Several studies have demonstrated preoperative visual field changes as reliable indicators of visual impairment
severity and powerful predictors of postoperative visual function recovery in chiasmal compression.”’” 2’ The strong
correlations between visual field and OCTA parameters found in our study support the claim that OCTA provides an
adequate assessment of visual function loss in chiasmal compression caused by PA. Therefore, preoperative assessment
of optic disc vessel density with OCTA might be important for the visual estimation after decompression surgery.

Furthermore, we demonstrated that there was a moderate correlation between OCTA parameters and RNFL thickness
in PA eyes. Thinning of RNFL thickness is attributed to the long-term axonal compression, resulting in axial plasma
stasis and retrograde lesions, which are generally permanent injuries.” Whereas the decreased optic disc microvasculature
is likely secondary loss or closure of capillaries at the area of RNFL atrophy, due to the decrease of metabolic demands of
retinal ganglion cells.*® Our finding is consistent with previous studies evaluating the relationship between OCTA and
OCT parameters in other optic neuropathies. Lee et al reported that the vascular impairment exactly coincided with the
RNFL defect in terms of both the location and the extent.'> It was also detected that peripapillary retinal vessel density in
chronic anterior ischemic optic neuropathy was significantly decreased, which is significantly correlated with visual field
mean deviation and RNFL.*' Meanwhile, we showed that nasal RNFL thickness was a significant predictor of optic disc
retinal vessel density, further supporting that the impaired optic disc microcirculation is secondary to the retrograde
axonal injury caused by compression.””® Overall, a decrease in optic disc vessel density is an important biomarker to
monitor functional and structural injury of PA eyes, but this likely occurs at a later stage in disease.

There are limitations in our study. This study is a cross-sectional study. Future studies with extended longitudinal
follow-up of this cohort may provide additional substantive information, especially the prognostic value for visual
function recovery of OCTA parameters. In addition, there are more women in the control group than in PA patients, and
therefore sex may be a confounding factor in this study, although there was no significant difference in the ratio of males
to females between the two groups.

Conclusion

In conclusion, our study demonstrated microvascular changes in PA patients presented as significantly decreased optic
disc vessel density in the perimetric stage and significantly increased SCP macular vessel density in the preperimetric
stage. Increase in SCP macular vessel density may be an early biomarker to detect early visual dysfunction in
preperimetric PA eyes, while decreased optic disc vessel density is a late biomarker to monitor functional and structural
injury in PA eyes. OCTA maybe a reliable approach to detect retinal microvascular changes and access the severity of
visual loss in chiasmal compression caused by PA.
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