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Abstract

In a minority of adults, a laminar arterial circle perfused by a single laminar paraoptic artery or a ciloretinal artery may occur.
These two different choroidal vascular variations arise during the 4th month of fetal gestation and result from either a marked
elevated SpO2 (single laminar paraoptic artery) or depressed SpO2 levels (cilioretinal artery). A single laminar paraoptic artery
divides laminar perfusion into a superior and an inferior hemisphere. A cilioretinal artery arising from a short posterior ciliary
artery or the arterial circle of Zinn-Haller perfuses a section of the optic nerve head and adjacent retina. Our hypothesis is that in
older adults increasing laminar hypoxia causes ischemia to nerve fiber axons in one laminar hemispheres that leads clinically to a
horizontal altitudinal visual field (HAVF) defect. If the nerve fiber axons in both laminar hemispheres become ischemic a double
HAVF defect occurs. This vascular variation can be detected in aging adults with normal visual fields using the Pixlr Al Powered
Photo Editor’s color program in conjunction with a fundus photograph.

What is already known on this topic

In adults an arterial circle of Zinn-Haller perfused by a single
laminar paraoptic artery was demonstrated by four authors in the
1990°s [1-4].

What this study adds:

A Pixlr Al Powered Photocolor Program noninvasive procedure
and a fundus photograph gives one the ability to detect indirectly
in older adults with normal visual field an intraocular optic nerve

(IOON) perfused by a single laminar and prelaminar paraoptic
artery.

1. Fetal Hypoxic levels and the fetal hypoxic crisis

The fetal hypoxic level is measured indirectly by subtracting the
measurable fetal SpO2 level from 100%. In general, the Sp02 levels
remains low in the 1st and 3rd trimester of pregnancy (Figure #1)
[5,6]. However, beginning in the 2nd trimester there is a spike in
the Sp02 level from a low of 20% to 60% followed by lower SpO2
levels in the third trimester until shortly before birth.
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Figure 1: Time Line Fetal Intraocular Optic Nerve Development; SPCA-Short Posterior Ciliary Artery; RGC- Retinal Ganglion Cell;
OA- Ophthalmic Artery; ANS- Autonomic Nervous System; PCA- Posterior Ciliary Artery; SpO2- Oxygen Saturation Level.
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2. Fetal and adult choroidal blood perfusion

The ophthalmic artery (OA) appears in the Sth week of gestation (wog) [7] and branches into 1 to 5 posterior ciliary arteries (PCAs) in
the 6th wog [8]. The multiple PCAs branch into 10 to 20 short posterior ciliary arteries (SPCAs) in the 4th month of gestation (mog)
[9] that connect to the developing choriocapillaris. Two of the SPCAs, the medial and lateral, form three paraoptic arteries. A laminar
paraoptic artery perfuses the arterial circle of Zinn-Haller and posterior prelamina, a prelaminar paraoptic artery perfuses the remainder
of the prelamina and a peripapillary paraoptic artery perfuses the peripapillary choriocapillaris (Figure #2) [10]. In adults a single
paraoptic artery perfusing the laminar arterial circle was demonstrated by 4 authors in the 1990’s. Two authors [1,2] used corrosion
casting technique in human cadaver eyes, one [3] used indocyanine green in patients with pathologic myopia and a fourth [4] performed
histopathological examination of the arterial circle of Zinn-Haller (Figure #3).
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3. Fetal Neuronal Development

In the 2nd wog retinal ganglion cell (RGC) axons grow in parallel
along the optic stalk towards the brain representing a relative retinal
topography [11]. Macular nerve fiber axons occur temporally
in the optic nerve head rim, the prelamina and the lamina [12].
The number of RGC axons reach their apogee early in the 2nd
trimester and then decrease (70%) in number [13]. Also, in this
second trimester sympathetic nerve fibers innervate the PCA’s,
the medial and lateral SPCA (Figure #4) along with the paraoptic
arteries [14]. Sympathetic nerve activity becomes prominent in the
2nd trimester and parasympathetic activity in the 3rd trimester of
pregnancy [15].

4. Watershed Zones and the Arterial Circle of Zinn-
Haller

A watershed zone (WSZ) is the common capillary bed perfused
by two different end arteries and is the weak link in tissue
perfusion [16]. A simple laminar WSZ of the arterial circle has no
anastomoses and is at greater risk for ischemia than a prelaminar
complex WSZ with dense anastomoses [ 1 7]. Two laminar paraoptic
arteries perfusing the arterial circle divide laminar perfusion into
4 quadrants with two simple vertical WSZs (Figure #4a). In a
minority of humans, a single laminar paraoptic artery perfuses the
arterial circle and divides laminar perfusion into a superior and an
inferior hemisphere. Its one simple WSZ is located 180 degrees
opposite from the perfusing paraoptic artery. This places the WSZ
outside the intraocular optic nerve in the region of the peripapillary
ring and peripapillary choroidal vasculature [18,19] (Figure #4b,

c).

5. Clinical Picture of patients demonstrating a HAVF
defect

Clinically, adult laminar ischemia presents with a superior or
an inferior HAVF defect. In general, these eyes maintain good
visual acuity and demonstrate minimal optic disc changes unless
associated with pathologic myopia or retinal PMB visual field
defects. If laminar ischemia worsens a double HAVF defect results
that progresses to ischemic optic neuropathy and optic atrophy
[20].

In the NAAION Decompression Trial Study [21] the incidence
of a HAVF defect was 35% in the randomized group and 10% in
the non-randomized group of the total visual fields performed in
each group [22]. Hayreh found inferior HAVF defect in 34.9% of
patients with ischemic optic neuropathy [23]. Since NAAION is a
unilateral event, the fellow eye can be used as a control [24].

Using the Pixlr Al Program and manipulating the Hue and
Vibrance settings one can obtain in older adults a desaturated
fundus photograph showing the peripapillary choroidal vascular
pattern around the ONH and posterior pole of the eye. The loss
of this peripapillary vascular pattern adjacent to the ONH is best
demonstrated in pathologic myopia (Case#1), next are adult eyes
with a normal axial length (Case#2) and poorest results in acute
ischemic optic neuropathy (Case #4). The adult patients are divided
into 3 group: Group A. a single HAVF defect in one eye, Group B.
a double HAVF defect in one eye and Group C. a visual field defect
involving 3 or more quadrants in one eye. The intraocular pressure
was within normal limits in all 6 cases.
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Group A:

Case #1: A 57-year-old female demonstrated a superior HAVF in her right eye (Case#1e). She also demonstrated a minor inferior visual
field defect in her left eye. Her vision was 20/20 in the right eye and 20/50 in the left eye secondary to recurrent heretic keratitis and
laser treated myopic retinal macular edema. She had pathological myopia greater in her right eye (axial length 33.7mm) and bilateral
pseudophakia with a flattened oblong ONH in both eyes. Her right lateral peripapillary choroidal pattern is absent (Case#1b).
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Case #2: A 61-year-old female demonstrated a superior HAVF defect in her left eye (Case#2f). Initially, the HAVF defect involved her
left papillomacular bundle (PMB). She had a superior nasal step visual field defect in her right eye (Case#2e). Her vision was 20/20 with
moderate myopia in each eye and thinning of the inferior temporal left OH rim. Her past history included 2 myocardial infarction and 9
coronary artery stents insertion. Her left peripapillary choroidal vascular pattern artery is absent (Case# 2d).
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Case #3: A 67-year-old female underwent an angioplasty resulting in multiple emboli involving her left eye. Seven years after the
angioplasty she demonstrated a superior HAVF defect with involvement of the superior and inferior PMB (Case# 3f). The visual field in
her right eye was within normal limits (Case#3e). Her visual acuity in the left eve varied from 20/80 to 20/200 seeing only the bottom
of numbers on the visual acuity chart. She had a cataract greater in the left eye than the right eye. Her left medial peripapillary choroidal
vascular pattern is absent (Case# 3d).
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Group B:

Case# 4: An 84-year-old female presented with an inferior HAVF defect (Case#4f) in her left eye upon awakening. One month later it
progressed to a superior HAVF defect (Case#4g). Her visual acuity was initially 20/20 in each eye. She had a hyperemic swollen left
ONH and pale retinal edema adjacent to the superior ONH margin. A fluorescein angiogram performed 6 days later demonstrated a
patent superior and inferior retinal arterioles with staining of the ONH. She was on no medications and otherwise healthy. Three months
later the vision in her left eye was 20/300 with marked optic atrophy. Her left lateral peripapillary vascular pattern is absent (Case#4d).
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Case #5: An 84-year-old male presented with a superior HAVF (Case #5¢) defect that progressed 1 month later to and inferior HAVF
defect (Case#5f). Eye exam demonstrated initially a visual acuity of 20/20 in each eye with subtle ischemic swelling of the inferior rim
of the right ONH (Case#5a).His initial blood pressure was 125/85, his c-reactive protein < 0.28, erythrocyte sedimentation rate 2mm/
hr and a blood sugar of 345 mg/dl. He had a history of atrial fibrillation, myocardial infarction with cardiac arrest in 2014 and diabetes
mellitus type 2 since 2017. CTA of his neck with contrast showed some atherosclerosis of internal carotid arteries with only 20%
occlusion on the right side. His right medial peripapillary choroidal vascular pattern is absent (Case#5b).
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Group C:

Case #6. A 76-year-old female presented with a visual field defect involving all 4 quadrants and the superior and inferior PMB of her
right eye (Case#6e). Two days earlier she developed pain in her right eye during insertion of a carotid stent for a 95% occluded right
carotid artery. Her visual acuity in this eye was 20/40. Five years later there was an improvement in her visual field defects, particularly
her PMB (Case#6f). Her visual acuity in her right eye improved from 20/50 to 20/25 after cataract extraction. Her visual acuity in her
left eye remains 20/20 and her visual field was within normal limits. She had a past history of elevated cholesterol (380-412mg) and an
aortic valve repair. In both eyes there is no loss of the peripapillary choroidal vascular pattern (Case#6b, d).
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Conclusions

The unique pathogenesis of a HAVF defect begins with the fetal
development of a choroidal vascular variation creating two laminar
hemispheres and ends with adult laminar ischemia involving one or
two of the laminar hemispheres. During the 1st and 2nd trimester
of pregnancy a variable number of posterior ciliary arteries (one to
five) and of short posterior ciliary arteries (ten to twenty) develop.
We believe that two different fetal choroidal vascular variations
can also occur in a minority of humans during the second trimester
of pregnancy [24]. They result from either markedly depressed or
elevated levels of SpO2 in the fetus. The depressed SpO2 levels
are associated with cilioretinal artery development from a SPCA
or the arterial circle of Zinn Haller to enhance oxygenation of
the ONH rim and adjacent retina. The elevated SpO2 levels are
associated with the stimulation of sympathetic nerve fibers that
block the development of one laminar and prelaminar paraoptic
artery from either the medial or the lateral SPCA stalk. We
found no involvement of the third peripapillary paraoptic artery
during this fetal hypoxic crisis. Research performed in the 1990°s
demonstrated that a minority of adult humans develop one laminar
and prelaminar paraoptic artery that divides laminar perfusion into
2 hemispheres. A HAVF defect can only occur if laminar perfusion
is divided into hemispheres instead of quadrants. Accompanying
this visual field defect is loss of the peripapillary choroidal
vascular pattern adjacent to the nasal or temporal ONH margin
(Case #2d). This loss occurs in the region of the simple laminar
WSZ and signifies that a laminar and prelaminar paraoptic arteries
are present on the contralateral side of the IOON (Figure #4b,
¢). Further laminar ischemia leads to a double HAVF defect and
ischemic optic neuropathy.

In our cases, adult laminar ischemia occurs from marked paraoptic
artery elongating (Case #1), cardiac ischemia (Cases #2, #5),
emboli from surgical intervention (Cases #3, #6) and probable
sleep apnea (Case #4).

It appears that reflex shunting of laminar perfusion is important
(Cases #1, #2, #3) and prevents loss of nerve fiber axons in the
uninvolved laminar hemisphere. Shunting of perfusion between the
lamina and the prelamina probably occurrs before the development
of a double HAVF defect and ischemic optic neuropathy (Cases #4,
#5). Shunting of perfusion at the level of the posterior ciliary artery
[15] was demonstrated in early ischemic optic neuropathy (Figure
#5). Shunting of perfusion with improvement of the superior PMB
visual field defect occurs in the left eye (Case #2) and the inferior
retinal PMB defect in the right eye (Case#6).

In older adults a silent fetal vascular variation may be demonstrated
indirectly using a fundus photograph and the Pixlr Al powered
Editor’s Program as demonstrated in our manuscript.
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