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ABSTRACT. Thepachychoroiddisease spectrum(PDS) includes several chorioretinal

diseases that share specific choroidal abnormalities. Although their pathophysiological

basis is poorlyunderstood, diseases thatarepart of thePDShavebeenhypothesized tobe

the result of venous congestion.Within the PDS, central serous chorioretinopathy is the

most common condition associated with vision loss, due to an accumulation of subretinal

fluid in the macula. Central serous chorioretinopathy is characterized by distinct risk

factors, most notably a high prevalence in males and exposure to corticosteroids.

Interestingly, sexdifferencesandcorticosteroidsarealso stronglyassociatedwith specific

types of arteriovenous anastomoses in the human body, including dural arteriovenous

fistula and surgically created arteriovenous shunts. In this manuscript, we assess the

potential of such arteriovenous anastomoses in the choroid as a causal mechanism of the

PDS. We propose how this may provide a novel unifying concept on the pathophys-

iological basis of the PDS, and present cases in which this mechanism may play a role.

Key words: arteriovenous anastomoses – arteriovenous fistula – corticosteroids – pachychoroid
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Introduction

The pachychoroid disease spectrum
(PDS) is an ‘umbrella term’ used for
chorioretinal conditions that have speci-
fic choroidal abnormalities in common
(Dansingani et al. 2016; Cheung
et al. 2019; Spaide 2021; Spaide
et al. 2021). Key features of the PDS
are a thickened choroid (pachychoroid)
in combination with dilated choroidal
veins in Haller’s layer (pachyvessels),
which can be observed on both optical
coherence tomography (OCT) and indo-
cyanine green angiography (ICGA)
(Fig. 1A–C) (Pr€unte 1995; Spaide
et al. 2008; Dansingani et al. 2016; Che-
ung et al. 2019; van Rijssen et al. 2019;
Spaide et al. 2021). Indocyanine green
angiography is essential to establish the
diagnosis of these diseases, typically
showing dilated choroidal vessels and
irregular hyperfluorescent areas with
indistinct borders during mid-phase
angiography, indicating vascular hyper-
permeability, another key aspect of the
PDS (Fig. 1D) (Pr€unte 1995; van Rijs-
sen et al. 2019). These signs are strongly
suggestive for venous overload, and this
is believed to lie at the basis of the
chorioretinal abnormalities that are
characteristic for the PDS, such as
subretinal fluid accumulation (SRF) in
the case of central serous chorioretinopa-
thy (CSC) (Dansingani et al. 2016;
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Spaide et al. 2021). The aetiology of this
venous congestion is poorly understood,
and this may impede the development of
effective therapeutic strategies. The cur-
rent manuscript postulates and discusses
a novel concept on the potential origin of
the venous overload that characterizes
the PDS: choroidal arteriovenous anas-
tomoses (AVAs). First, we outline the
unique functional and anatomical fea-
tures of the choroidal vascular labyrinth,
as well as the current state of literature
on AVAs in the human choroid. Next,
various types of AVAs across the human
body are discussed, as well as their
classification by their physiological (i.e.
anastomoses), pathological (i.e. fistula)
or surgical (i.e. shunt) origin. In the
sections thereafter, we discuss striking
analogies between specific types of
AVAs in the human body and features
of the PDS. Furthermore, we speculate
on how potential choroidal AVAs may
represent a unifying causal factor for the
venous overload that is a key feature of
the PDS. In addition, we discuss whether
these choroidal AVAs may represent a
dysregulated physiological phenomenon
arising from pre-existent AVAs, or a
primarily pathological phenomenon
which is referred to as arteriovenous
fistulas (AVFs).

Functional and
Anatomical Features of
the Choroidal Vascular
Labyrinth

The human choroid is a highly special-
ized vascular tissue localized between

the retinal pigment epithelium (RPE)/
Bruch’s membrane complex and the
sclera. An important function of the
choroid is to provide nourishment to
the outer neuroretina, where the highly
metabolically active photoreceptors are
located (Nickla & Wallman 2010;
Brinks et al. 2021b). The choroid also
plays a role in ocular development,
thermoregulation and immunology
(Parver 1991; Mochizuki et al. 2013;
Lutty & McLeod 2018; Brinks
et al. 2021b). The vasculature of the
choroid is organized as a layered dense
sheet of arteries and veins (Fig. 2). The
most outer part of the choroid contains
the largest choroidal blood vessels and
is referred to as Haller’s layer. The
medium-sized choroidal blood vessels
are located in the intermediate Sattler’s
layer, while the choriocapillaris is the
innermost layer of the choroid, com-
prising a dense meshwork of capillaries
optimally orientated to facilitate a high
rate of nutrient transport and process-
ing of metabolic waste. In contrast to
the larger blood vessels in Sattler’s and
Haller’s layer, the choriocapillaris con-
tains fenestrations, which are small
‘pores’ in the cellular membranes of
the choroidal endothelial cells that
facilitate rapid transcellular transport
(Schlingemann et al. 1985; Bosma
et al. 2018; Brinks et al. 2021b). The
basal lamina of the endothelial cells in
the choriocapillaris is part of Bruch’s
membrane, which is also the site where
most exchange of gasses, nutrients and
clearance of metabolic waste occurs
(Nickla & Wallman 2010; Brinks
et al. 2021b).

The posterior choroid is supplied by
the short posterior ciliary arteries
(SPCAs), which enter the eye around
the macular region (Fig. 2)
(Hayreh 2004). Typically, there are 6–
12 SPCAs, and anatomical variations
are common. Each SPCA supplies a
wedge-shaped segment of the posterior
pole, with distinct watershed zones
between these areas (Hayreh 1975).
As such, the choroidal arterial blood
supply is considered to be highly seg-
mental. This has been confirmed by
numerous studies using dye-based
imaging and by clinical studies in
which inflammatory, ischaemic and
malignant pathological processes have
been shown to adhere to the watershed
zones of the arterial choroidal blood
supply (Hayreh 1975; Hayreh 1990;
Hayreh 2004). Venous choroidal blood
exits the eye near the equator through
the vortex veins, which usually occur at
4-6 exiting points at the sclera through
a structure termed the ampulla (Fig. 3).
Vortex vein areas are segmented and
have watershed zones between these
areas, following a distribution pattern
that is different from the watershed
zones of the arterial circulation (Paula
et al. 2013; Jung et al. 2020;
Spaide 2020). In contrast to the grad-
ually increasing lumen size of the
choroidal arterial system, the large
choroidal veins traverse the posterior
pole for a long parallel distance until
they reach the ampulla. This has been
proposed to serve as a ‘buffer’ for
venous blood as part of a Starling’s
resistor mechanism, in which choroidal
veins in Haller’s layer and the ampulla

(A)

(B) (C) (D)

Fig. 1. Thirty-three-year-old man with central serous chorioretinopathy showing typical aspects of the pachychoroid disease spectrum. Foveal optical

coherence tomography (A) revealed subretinal fluid accumulation. Pachyvessels with apparent attenuation of the overlying choriocapillaris were also

observed on optical coherence tomography (B; red arrowheads). Indocyanine green angiography shows a prominent appearance of pachyvessels that

appear to adhere to vortex vein quadrants (C; red arrowheads), as well as intervortex vein anastomoses nasal to the macula (C; red arrowheads). Mid-

phase indocyanine green angiography (D) showed hypofluorescent and hyperfluorescent areas with indistinct borders that are typical for diseases that

are part of the pachychoroid disease spectrum.
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passively participate in maintaining a
stable choroidal perfusion, which has
to act under intraocular pressure
within the rigid sclera that encloses
the globe (Spaide 2020).

The posterior human choroid is con-
sidered to be an end-arterial system with
a segmental anatomy (Hayreh 1975;
Zouache et al. 2016; Lee et al. 2017;
Spaide 2020). Hayreh visualized this
segmentation of the choroidal arterial
system using dye-based imaging, show-
ing wedge-shaped filling patterns delin-
eated by their respective watershed
zones (i.e. the border between two areas

of vascular supply), arising from indi-
vidual SPCAs (Fig. 2B) (Hayreh 1975).
This explains why ischaemic choroidal
diseases may adhere to apparent
anatomical borders (Hayreh 1990;
Hayreh 2004). Nonetheless, within sec-
tors of SPCAs, anastomotic connections
between smaller arterioles within the
same sector have been described (Lee
et al. 2017). Around the 1950s, it was
postulated that the human choroid also
may contain AVAs, supposedly regu-
lating blood flow by ‘shunting’: blood
flow from arteries to veins bypassing the
capillary bed (Loewenstein 1949;

Wybar 1954; Hayreh 2004). Part of
these studies involved post-mortem
casts of human choroidal tissue
(Wybar 1954), in which apparent anas-
tomotic connections were considered by
some authors to be artefacts because the
tissue was filled under high pressure,
which may have led to opening of
lumina that are either non-existent or
not patent in vivo (Hayreh 2004). Still,
Loewenstein also described so-called
‘glomus cells’ in the human choroid,
the specific cell types surrounding an
AVA, described in a variety of vascula-
tures within the human body, which are

(A)

(B) (C)

Fig. 2. Overview of the anatomy of the choroid. (A) Reproduced with permission from Hayreh (2004). Schematic representation of the branching

pattern of medial and lateral posterior ciliary arteries in 2 eyes (illustrations at the left and the middle) and of the site of entry of the various branches

of the posterior ciliary arteries, as seen at the back of the eye (illustration at the right). (B) Reproduced with permission from Hayreh (1975).

Schematic representation of distribution of choriocapillaris supplied by various temporal short posterior ciliary arteries. (Left) Normal pattern.

(Right) Postulated pattern caused by generalized chronic ischaemic disorder of the choroid, with reduction in choriocapillaris most marked in

macular region and equatorial choroid. (C) A haematoxylin and eosin staining of a cross section of the human choroid showing the retinal pigment

epithelium (RPE), Bruch’s membrane (BM) and the choriocapillaris (CC). In the deeper layers, the lumen of a large vessel and the presence of other

cell types resident in the choroid, such as melanocytes, can be observed. Scale bar = 50 lm.
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presumed to be involved in regulating
opening and closure of AVAs (Loewen-
stein 1949). However, convincing histo-
logical evidence showing the full length
of a choroidal AVA was not provided in
these studies due to technical limitations
(Loewenstein 1949). Taken together,
while it is well-known that the human
choroid follows a predominantly seg-
mental vascular anatomy, the potential
presence of physiological AVAs within
these anatomical borders is highly con-
troversial and still a relatively understud-
ied topic (Loewenstein 1949; Bhutto &
Amemiya 2001; Hayreh 2004; Lee
et al. 2017; Spaide 2020). In addition,
pathological variants of AVAs that are
acquired during life, which are termed
AVFs, are virtually unexplored within
the human choroid. Although specula-
tive, AVFs may for instance form at sites
of arteriovenous crossings in the human
choroid, where arteries and veins are
found in an intimate spatial relation-
ship (Yoneya & Tso 1987; Cheung
et al. 2021). In this manuscript, the
possible presence of physiological AVAs
and/or pathological AVFs in the choroid
is discussed in the context of the myste-
rious origins of the PDS.

The Pachychoroid
Disease Spectrum:
Venous Overload of
Mysterious Origin

Conditions that are part of the PDS
include uncomplicated pachychoroid
(Siedlecki et al. 2019), pachychoroid
pigment epitheliopathy (Warrow

et al. 2013), CSC (van Rijssen
et al. 2019), pachychoroid aneurysmal
type 1 choroidal neovascularization
(also known as polypoidal choroidal
vasculopathy) (Siedlecki et al. 2019),
pachychoroid neovasculopathy
(Dansingani et al. 2016) and peripapil-
lary pachychoroid syndrome (PPS)
(Phasukkijwatana et al. 2018). All of
these conditions are characterized by
signs of venous overload: pachychoroid,
pachyvessels and vascular hyperperme-
ability (Dansingani et al. 2016; Cheung
et al. 2019; Spaide et al. 2021). CSC is
the most well-known member of the
PDS. Patients with this disease often
experience sudden-onset vision loss due
to an accumulation of SRF in the
macula. The localization of the SRF
often correlates with hyperfluorescent
changes on ICGA, which are presumed
to reflect vascular hyperpermeability of
the choriocapillaris (Pr€unte 1995; Teus-
sink et al. 2015; van Dijk & Boon 2021;
van Rijssen et al. 2021a). Therefore, the
occurrence of SRF in CSC is presumed
to be the result of choriocapillaris
hyperpermeability due to increased
intraluminal pressure caused by venous
overload. This causes damage to the
outer blood–retina barrier of the RPE,
with subsequent fluid leakage from the
choroid, through the RPE defect, to the
subretinal space (Pr€unte 1995; van Rijs-
sen et al. 2019; Kaye et al. 2020; Spaide
et al. 2021). The areas of focal leakage
through the RPE can be visualized well
with fluorescein angiography (FA).
Other observations from ICGA studies
on CSC patients include an arterial
filling delay and areas of hypofluores-
cence with indistinct borders, indicating
dysfunction of choroidal blood flow
(Pr€unte 1995; Pr€unte & Flammer 1996;
Komatsu et al. 2010; Kishi et al. 2018;
van Rijssen et al. 2019). On OCT
angiography, irregular choriocapillaris
flow patterns have been described in
CSC, with areas suggestive of both
ischaemia (flow voids) and hyperperfu-
sion (Teussink et al. 2015).

Despite this knowledge on the clin-
ical signs of CSC and the other diseases
that are part of the PDS, the patho-
genic mechanisms underlying pachy-
choroid, pachyvessels and vascular
hyperpermeability remain poorly
understood. The term pachychoroid
comes from the observation of a
thicker-than-average choroid on OCT,
although a clear cut-off value in clinical
practice is a topic of debate

(Dansingani et al. 2016; Spaide 2021;
Brinks et al. 2021b). Perhaps more accu-
rate, a ‘potentially pathological pachy-
choroid’ typically entails pachyvessels,
which are dilated veins in Haller’s layer,
increasing the total choroidal thickness
(Dansingani et al. 2016; Cheung
et al. 2019). On OCT, these pachyvessels
have been described to compress the
overlying choriocapillaris, with possible
obstruction of blood flow in the capillary
lumens (Baek et al. 2019b), and one or
more areas of hyperfluorescence on
ICGA consistent with leakage from
choriocapillaris dysfunction (van Rijssen
et al. 2021a). Pachyvessels can also be
observed in the frontal plane on en face
OCT images and ICGA as prominently
dilated veins that adhere to a quadrant
drained by a vortex vein (Fig. 1C)
(Dansingani et al. 2016; Cheung
et al. 2019). With the introduction of
ultra-widefield ICGA, anastomotic con-
nections between the pachyvessels in
vortex vein quadrants have been
described in several pachychoroid spec-
trum diseases, termed intervortex vein
anastomoses (Matsumoto et al. 2019;
Jung et al. 2020; Spaide et al. 2020;
Matsumoto et al. 2020b; Spaide
et al. 2021). Intervortex vein anasto-
moses have been proposed to alleviate
venous congestion in existing pachyves-
sels (Jung et al. 2020; Spaide et al. 2020;
Matsumoto et al. 2020b; Spaide
et al. 2021) and may therefore be a
consequence of choroidal venous con-
gestion rather than the primary cause.
Pulsations in choroidal veins have also
been described in pachychoroid spec-
trum diseases, but it is unknown whether
this may be the result of either venous
outflow obstruction, pressure gradients
between anastomosed vortex veins or
direct arteriovenous connections (Bis-
choff et al. 1996; Cheung et al. 2021;
Matsumoto et al. 2021; Spaide
et al. 2021). Regarding the potential
origin of pachyvessels, an increased scle-
ral thickness, either leading to narrowing
of the passage of the ampulla through
the sclera or a decreased permeability of
the sclera to fluids, has been proposed to
play a role (Fern�andez-Vigo et al. 2021;
Lee et al. 2021; Spaide et al. 2021;
Imanaga et al. 2021a, 2021b). However,
the current imaging techniques are lim-
ited in their ability to obtain a detailed
image of the sclera and the anatomy of
the venous outflow of the posterior eye.
Direct evidence that scleral abnormali-
ties fully explain the origin of venous

Fig. 3. Reproduced with permission from

Jung et al. (2020). Representative mid-phase

ultra-widefield indocyanine green angiography

images (Optos California; Optos, Inc., Dun-

fermline, UK) after removal of imaging arte-

facts from a left eye diagnosed with chronic

central serous chorioretinopathy. Vortex vein

ampullas are indicated with orange arrow-

heads.
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overload in the pachychoroid spectrum
is therefore currently lacking. To explore
an alternative hypothesis, this manu-
script focusses on choroidal AVAs or
AVFs as a potentially causative mecha-
nism underlying the venous overload
observed in the PDS and aimed to
integrate this perspective into existing
studies and hypotheses on the patho-
physiological mechanisms involved in
PDS (Fig. 4).

Physiological and
Pathological Vascular
Shortcuts: Arteriovenous
Anastomoses in the
Human Body

An AVA is the medical definition of a
direct connection between an artery and
a vein that bypasses the capillary bed
(Sappey 1874; Lovering et al. 2015). It
can be of either physiological origin or
pathological origin (fistula), or surgi-
cally created to facilitate haemodialysis
(shunt). Physiological AVAs in humans
have been described in the penile erectile
tissue, lungs, episcleral vasculature,
spinal cord and cutaneous tissue of
the external ear, digits, toes and

nose (Loewenstein 1949; Daniel &
Prichard 1956; Bergersen 1993; Berg-
ersen et al. 1997; Midttun 2000; Laurie
et al. 2012; Lovering et al. 2015; Lee
et al. 2019). In the lung, AVAs play an
important role in the regulation of
blood flow. Intrapulmonary AVAs
open during exercise or upon hypoxia,
increasing pulmonary blood flow to
comply with systemic oxygen demand
(Lovering et al. 2015). In digits, AVAs
play a role in thermoregulation (Berg-
ersen et al. 1997). In response to cold,
closure of AVAs occurs, dramatically
decreasing the perfusion rate of
the extremities to maintain a stable
core body temperature (Vanggaard
et al. 2012). Dysfunction of these AVAs
is observed during the ischaemic phase
of Raynaud’s phenomenon, which is a
condition characterized by a strongly
decreased blood flow to the fingers due
to blood vessel spasms (Nuzzaci
et al. 1988). In the eye, the episcleral
vasculature is known for its extensive
network of AVAs, which are thought to
play a role in regulating the rate of
aqueous humour production and
even intraocular pressure (Selbach
et al. 2005; Lee et al. 2019). Remark-
ably, AVAs have been described to be

richly innervated and to contain vascu-
lar smooth muscle cells, which is
referred to as the functional unit of a
‘glomus body’ that is under control of
the autonomous nervous system, which
may actively regulate AVA opening
and closure (Daniel & Prichard 1956;
Funk et al. 1994; Parke 2004; Selbach
et al. 2005; Donadio et al. 2006;
Walløe 2016). Based on the observation
of histological characteristics of such
structures, AVAs have also been
described in the human choroid
(Loewenstein 1949), but their potential
physiological relevance, and even their
existence, is controversial (Loewen-
stein 1949; Wybar 1954; Shimizu &
Ujiie 1978; Castro-Correia 1995;Hayreh
2004). Nonetheless, it is interesting to
note that AVAs elsewhere in the body
do have relevant physiological func-
tions, including the regulation of oxy-
gen demand and temperature, which
both are functions also attributed to
the choroid in the regulation of
ocular homeostasis (Parver 1991; Brinks
et al. 2021b). Based on these analogies
in physiological relevance of AVAs
elsewhere in the human body, it may
be speculated that choroidal AVAs also
exist and can be of physiological

Fig. 4. Illustration of the hypothesis presented in this manuscript, in which choroidal arteriovenous anastomoses are proposed to play a central role

in the pathogenesis of pachychoroid spectrum diseases. In a normal situation (bottom half of the illustration), circulation of the choroid starts in short

posterior ciliary arteries, which branches into smaller arterioles that eventually feed choriocapillaris lobules. The choriocapillaris is drained by

collector venules which merge into vortex veins and exit the eye at the ampulla, through the sclera and continue as ophthalmic veins. In the abnormal

situation (upper half of the illustration), a choroidal arteriovenous anastomosis is formed, either as a result of a dysregulated physiological

anastomosis or due to a primarily pathological fistula. In the case of such an abnormal choroidal arteriovenous anastomosis, shunting of blood flow

occurs from arteries directly into choroidal veins, bypassing the capillary bed. Without the dampening effect of the choriocapillaris on blood pressure,

choroidal veins will be affected due to the direct arterial filling, which now become pachyvessels. Consequently, additional signs of venous overload

emerge. This includes (1) congestion of blood flow from the ‘upstream’ choriocapillaris resulting in vascular hyperpermeability; (2) venous dilatation

of other choroidal veins within the same vortex vein quadrant due to congestion of blood flow at the ampulla; and (3) the manifestation of intervortex

vein anastomosis which cross watershed zones and shunt blood from overloaded vortex vein quadrants to neighbouring vortex vein quadrants. This

can eventually affect the barrier function of the retinal pigment epithelium overlying these choroidal abnormalities, leading to subretinal fluid

accumulation.
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significance in the human choroid, par-
ticularly given the knowledge gaps in
our understanding of the regulation of
choroidal blood flow (Nickla & Wall-
man 2010; Reiner et al. 2018). Dysreg-
ulation of such physiological AVAs
may contribute to the pathophysiology
of the PDS.

Next tomalfunctioning physiological
AVAs, the primarily pathological vari-
ant of AVAs – AVFs – may also play a
role in the aetiology of the PDS. Strictly
speaking, an AVF is also an AVA,
although an AVF is classified as an
arteriovenous malformation, that is an
acquired abnormal arteriovenous con-
nection. AVFs can manifest virtually
anywhere in the body and –bydefinition
– never have a physiological function
(Allison & Kennedy 1991). Although
mostAVFs are designated as idiopathic,
they have also been described to
occur after triggering events such as
trauma, inflammation, thrombosis and
previous surgery (Allison &
Kennedy 1991; Brothers et al. 1995;
Gandhi et al. 2012). The degree of
shunting is determined by the size of
the arteries and veins between which an
AVF is formed, and thereby the clinical
severity of its signs and symptoms
(Allison & Kennedy 1991). A common
type of AVF is the dural AVF, which
can occur not only cranially, spinally,
but also near the cavernous sinus
(carotid-cavernous sinus fistula), there-
with severely affecting orbital venous
outflow (Harbison et al. 1978; Gandhi
et al. 2012; Henderson & Miller 2018;
Inam et al. 2019). Patients with a
carotid-cavernous sinus fistula may pre-
sent not only with proptosis, ophthal-
moplegia, decreased visual acuity, but
also with choroidal dysfunction remi-
niscent of diseases that are part of the
PDS (Harbison et al. 1978; Henderson
&Miller 2018; Inam et al. 2019; Spaide
et al. 2021). However, diseases that are
part of the PDS initially present with
localized disturbances in the choroidal
circulation, rather than abnormalities
in the entire choroidal circulation
(Dansingani et al. 2016). Although
AVFs have not been described thus far
in the human choroid, the densely
packed vascular network of the choroid
may be considered prone to AVF for-
mation, for instance at the site of arte-
riovenous crossings, which may explain
the segmental changes observed in the
PDS (Yoneya & Tso 1987; Cheung
et al. 2021).

Corticosteroids and Sex
Differences are
Associated with both
Arteriovenous Fistula
and Central Serous
Chorioretinopathy

Central serous chorioretinopathy is
associated with several intriguing risk
factors, of which exposure to corticos-
teroids is the most well-known exoge-
nous risk factor (Daruich et al. 2015;
van Rijssen et al. 2019; Kaye
et al. 2020). Moreover, the male sex is
a strong risk factor, because 80–90% of
CSC cases are males, who mostly
develop the disease around 40–50 years
of age (Kitzmann et al. 2008). Interest-
ingly, specific risk factors of dural AVFs
show striking similarities to CSC risk
factors. Dural AVFs are pathologic
connections between dural arteries and
veins that lack a parenchymal nidus (i.e.
a mass of malformed blood vessels)
(Gandhi et al. 2012). These AVFs are
associated with tortuous vessel dilata-
tion, venous hypertension, flow voids,
haemorrhage and oedema, being strik-
ingly reminiscent of choroidal abnor-
malities in pachychoroid spectrum
diseases (Gandhi et al. 2012; Laakso &
Hernesniemi 2012; Nasr et al. 2017;
Spaide et al. 2021). Intriguingly, after
administration of corticosteroids, dural
AVFs have been observed to induce
(sub)acute worsening of neurological
complaints (DiSano et al. 2017; Nasr
et al. 2017; Peethambar et al. 2019; Le
Goueff et al. 2020). This phenomenon
has been described in multiple case
reports of neurological patients that
were initially misdiagnosed with for
example an auto-immune neurological
disorder, for which corticosteroids were
prescribed. The neurological decline
attributed to pathological effects of
corticosteroids on the AVF was irre-
versible in some cases (Nasr et al. 2017).
It was speculated that the corticos-
teroids may have caused a transient
fluid retention in the venous outflow of
the dural AVF due to steroid-induced
hypervolemia (DiSano et al. 2017; Nasr
et al. 2017). A retrospective review
evaluated 21 consecutive cases of a
delayed diagnosis of spinal dural AVF
who initially received corticosteroid
treatment, out of which as many as 7
experienced (sub)acute worsening of
the neurological complaints (Nasr

et al. 2017). Although this retrospective
study included a relatively small number
of patients, it may be interesting to note
that 15 patients (71%) were found to be
male,whereas therewasnomale predilec-
tion among the 7 patients who developed
acute clinical worsening after receiving
intravenousmethylprednisolone (3males
and 4 females). Interestingly, specifically
in corticosteroid-associated CSC, no or
less male predilection has been seen, in
contrast to non-steroid-associated CSC
(Araki et al. 2019).

Sex differences have also been
described in surgically created arteri-
ovenous shunts, which are created as an
access site for haemodialysis in kidney
disease (Waheed et al. 2020). After
surgery, these shunts require a period
of maturation, and these may fail for
instance due to thrombosis. Of note,
shunt maturation is muchmore likely to
be successful in males compared with
females (Miller et al. 2003; Waheed
et al. 2020; Chan et al. 2021; MacRae
et al. 2021). In a study that evaluated the
outcomes of 230 surgically created
shunts, the adequacy for dialysis was
31% in females compared with 51% in
males (p = 0.001), despite routine pre-
operative mapping and interventions to
rescue immature fistulas (Miller
et al. 2003). The exact cause of these
substantial sex differences is not known.
In a study by Kudze and colleagues,
using a mouse model for sex differences
in surgically created AVFs, female mice
showed lower magnitudes of laminar
shear stress and an increased wall thick-
ness compared with males, which may
explain the less successful maturation of
dialysis shunts in females (Kudze
et al. 2020). Although likely to be com-
plex at the biomolecular level, in this
study, it was observed that only male
mice showed an increase in endothelial
nitric oxide synthase (eNOS) in the
vascular wall of the AVF. eNOS is a
critical mediator of vasodilatation that
may therefore aid in successful shunt
maturation (Kudze et al. 2020).

The sex differences and idiosyncratic
sensitivity to corticosteroids in the con-
text of specific AVFs may also be of
interest regarding the pathophysiology
of CSC. Both dural AVFs and CSC are
most prevalent in males, and can (sub)
acutely be triggered by corticosteroids
(Nasr et al. 2017; Kaye et al. 2020). In
both diseases, the male predilection
appears to be attenuated in the specific
context of corticosteroids-induced
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cases (Nasr et al. 2017; Araki
et al. 2019). This is in line with a recent
paper by our group, in which we
described a range of cortisol-regulated
genes in human choroidal endothelial
cell cultures derived from 5 males and 5
females (Brinks et al. 2021a). The most
potently induced gene found in this
study was ZBTB16, which has been
described to enhance the activation of
eNOS in vitro (Hsu et al. 2012). Of
note, we observed a similar induction
between the sexes ofZBTB16 and other
cortisol-regulated genes related to
endothelial cell dysfunction, suggesting
that corticosteroids can trigger
endothelial cell dysfunction with equal
odds in both sexes – although we did
not recapitulate sex-specific hormonal
conditions in our study (Brinks
et al. 2021a). Although speculative,
the peculiar sensitivity to corticos-
teroids in CSC and dural AVFs may
rather be explained by sex differences in
the tendency to develop an AVF,
instead of intrinsic sex differences in
cortisol sensitivity. Thus, combining
our experimental observations with
the clinical analogies between CSC
and dural AVFs, it may be speculated
that corticosteroids trigger these dis-
eases particularly in the specific context
of a pre-existent choroidal AVF, which
consists of already dysfunctional
endothelium. As such, it may be
hypothesized that these sex differences
originate from context-specific differ-
ences on the biomolecular level (e.g.
dysfunctional endothelium in AVFs),
for example in the regulation of eNOS
and accompanied nitric oxide produc-
tion. Suchmechanisms involving eNOS
have been shown to play a role inmouse
AVF models that are used to study sex
differences in the maturation of surgi-
cally created shunts (essentially AVFs)
in humans (Kudze et al. 2018; Kudze
et al. 2020). Taken together, patholog-
ical effects of corticosteroids may thus
be exerted via already dysfunctional
endotheliumwithin anAVF, ultimately
causing venous overload by yet poorly
understood mechanisms.

Arteriovenous
Anastomoses and Fistula
in the Pachychoroid
Disease Spectrum

Based on the analogies between CSC
and the different forms of AVAs,

pathological AVFs and surgically cre-
ated shunts, we propose that choroidal
arteriovenous connections could play a
causal role in the pathogenesis of CSC.
Here, we speculate on how this hypoth-
esis could explain specific aspects of
several diseases that are part of the PDS.
In addition, 3 patients with CSC are
discussed in Figs 5 and 6 and as a video
in File S1. In these figures, findings on
multimodal imaging are described, in
cases which we considered suspect for a
potential choroidal AVA or AVF.

The clinical severity and macular

localization of central serous

chorioretinopathy

Subretinal fluid accumulation accumu-
lation in CSC mostly occurs in the
macular area, where choroidal blood
flow and shear stress is highest. This
region contains the highest vascular
density, where arteries and veins are in
an intimate spatial relationship. As
such, the macula is the most likely area
in the choroid where AVAs could exist
or where an AVF could manifest. Inter-
estingly, in 1949, Loewenstein observed
‘glomus cells’, which are cell types con-
sidered to be part of an AVA, more
frequently in the macular region
(Loewenstein 1949). The clinical sever-
ity of CSC often varies substantially
between patients (Mohabati et al. 2018,
2020b). This may be explained by the
localization and lumen size of a chor-
oidal AVA or AVF. As such, the order
of the arterial branch and the venous
branch involved could be a limiting
factor for the degree of shunting. Sub-
sequently, the degree of shunting in this
scenario determines the extent and
severity of consequent venous overload
and choriocapillaris dysfunction, and
thereby the clinical severity in terms of
damage to the overlying RPE and neu-
roretina. If an abnormal direct arteri-
ovenous connection involves filling of a
large choroidal vein under ‘arterial pres-
sure’, this subsequently ‘overloaded’
vein may now become a ‘pachyvessel’.
Furthermore, not only this specific vein
may locally suffer from venous over-
load, but also the ‘upstream’ choroidal
veins and choriocapillaris, and ‘down-
stream’ vortex veins. In theory, this
could include the choriocapillaris that
is drained by this vein and even other
choroidal veins within the same vortex
vein area, as all choroidal veins merge at
the level of the ampulla before exiting

the eye through the sclera. Interestingly,
we observed asymmetrical filling of
choroidal veins within the same vortex
vein area (Fig. 5). This may indeed
indicate that some choroidal veins fill
earlier than expected due to arteriove-
nous shunting of blood, leading ini-
tially to venous overload in a primary
pachyvessel, with subsequent filling of
the other pachyvessels of the respective
vortex vein drainage area due to con-
gestion at the site of the ampulla. A
corresponding phenomenon of slow
filling of choroidal veins has been
described by Spaide and colleagues in
CSC patients using ultra-widefield
ICGA (Spaide et al. 2021). In addition,
the earlier described phenomenon of
an arterial filling delay in CSC may be
explained by delayed filling of the
upstream choriocapillaris lobules that
drain into these congested choroidal
veins (Pr€unte & Flammer 1996). Ulti-
mately, as a result of venous overload
caused by choroidal AVAs, intervortex
vein anastomoses can manifest and
shunt venous blood towards adjacent
vortex vein areas, causing a more
widespread disturbance in venous out-
flow in the posterior pole of the eye
(Figs 5 and 6, Supplementary File S1).

Acute versus chronic central serous

chorioretinopathy

The classification of CSC is subject of
variation and controversy, and several
novel attempts are made to achieve a
refined classification (Chhablani &
Behar-Cohen 2020, 2021). However, a
general distinction is made between
acute and chronic CSC (van Rijssen
et al. 2019). Acute CSC is considered a
self-limiting disease due to the fre-
quently occurring spontaneous SRF
resolution and focal FA abnormalities,
accompanied by focal or multifocal
abnormalities on ICGA (van Rijssen
et al. 2019; Mohabati et al. 2020a; van
Dijk & Boon 2021). Chronic CSC com-
monly shows multifocal leakage and
more widespread RPE abnormalities on
FA comparedwith acute CSC, aswell as
more extensive multifocal choroidal
abnormalities on ICGA (van Rijssen
et al. 2019; Mohabati et al. 2020a).
Given the widespread and persistent
abnormalities in chronic CSC, chronic
CSC patients generally require treat-
ment (Hanumunthadu et al. 2018; van
Rijssen et al. 2019).AcuteCSChas been
described to lead to chronic CSC only in
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a minority of patients (Mohabati
et al. 2020a). These differences between
acute and chronic CSC may suggest a
difference in pathophysiology or rather
pathophysiological severity. Consider-
ing that choroidal AVAs may prove to
be an important pathophysiological
mechanism in CSC, acute CSC may be
caused by a single AVA that frequently
occludes spontaneously, leading to com-
plete SRF resolution. Interestingly,
dural AVFs have also been described
to frequently resolve spontaneously and
sometimes recur, like episodes of CSC
(Gandhi et al. 2012). In chronic CSC,
the AVA could either be persistent or
multiple AVAs may be involved, caus-
ing more widespread damage over time
due to the consequences of chronic
venous overload.

Genetic associations in central serous

chorioretinopathy and their potential

association with arteriovenous anastomoses

Considering choroidal AVAs as a
potential pathogenic mechanism for
CSC, it is interesting to speculate on

the potential involvement of specific
genetic variations linked to CSC. This
includes a variety of genetic variations
such as ARMS2, C4B, CFH, CDH5,
GATA5, NR3C2, PTPRB, SLC7A5,
TNFRSF10A and VIPR2, which have
been previously reviewed in detail (van
Rijssen et al. 2019; Kaye et al. 2020;
Brinks et al. 2021b). Interestingly, most
of these genetic variations play a role in
vascular remodelling, thrombosis,
inflammation, cellular migration or
angiogenesis, but the exact role in the
pathogenesis of CSC is unclear. How-
ever, it is known that most of these
genes are particularly expressed in
endothelial cells, vascular smooth mus-
cle cells and/or the extracellular matrix
(Kaye et al. 2020; Brinks et al. 2021b),
which all play an important role in
vascular dysfunction and malformation
(Chan et al. 2021). Therefore, it may be
of interest to study not only the role of
these CSC-associated genes in the speci-
fic context of vascular dysfunction, but
of AVA formation in particular. To
date, no genetic variations have been
described to be specifically associated

with AVAs. However, mutations in the
EPHB4 and the RASA1 gene have been
linked to arteriovenous malformations
in general, which encompass a wide
spectrum of vascular (developmental)
anomalies (Revencu et al. 2013; Amyere
et al. 2017). To date, the function of
these genes has not been studied in the
human choroid, although expression of
EPHB4 and RASA1 has been described
in human choroidal endothelial cells
(Voigt et al. 2019).

Half-dose photodynamic therapy

specifically targets dysfunctional

endothelial cell

Based on strong evidence from the
PLACE and SPECTRA prospective
randomized clinical trials, as well as
other large retrospective studies, photo-
dynamic therapy (PDT) with reduced
settings is the most successful treatment
option for CSC (Maruko et al. 2010;
Lim et al. 2014; van Dijk et al. 2018;
van Rijssen et al. 2021b). Interestingly,
the hypothesis that AVAs may play an
important role in the pathogenesis of

(A)

(D) (E) (F) (G)

(B) (C)

Fig. 5. Multimodal imaging of a patient with unilateral central serous chorioretinopathy. Multimodal imaging (A–G) of the left eye of a 56-year-old

man patient with complaints of central vision loss. The complaints started after a stressful period. Medical history of this patient included

hypertension and asthma, for which fluticasone was prescribed. The foveal optical coherence tomography (OCT) scan (A) revealed subretinal fluid

(SRF) and a subfoveal choroidal thickness of 364 lm. The OCT also showed pachyvessels with attenuation of the overlying choriocapillaris. Fundus

autofluorescence (B) mainly showed mild hypo- and hyperautofluorescent changes in the macular region. On mid-phase fluorescein angiography (C),

several ‘hot spots’ of leakage were observed in the macula. The arterial phase of indocyanine green angiography at 18 s (D) revealed filling of several

vessels with a large lumen suspect for choroidal veins (blue arrowheads). There appears to be a delayed arterial filling of the nasal side compared with

the temporal side (E). Several seconds later, complete vortex vein quadrants containing pachyvessels became visible (F), suggestive for asymmetrical

venous filling (blue arrowheads E compared with F). In addition, intervortex vein anastomoses emerge which cross the horizontal watershed zone

through the macular region (F). Mid-phase indocyanine green angiography (G) showed hyperfluorescent areas with indistinct borders, typical for

central serous chorioretinopathy.
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Fig. 6. Multimodal imaging of the right eye of a patient with bilateral central serous chorioretinopathy before (A–G) and after (H–N) treatment with half-

dose photodynamic therapy. This 46-year-old male patient presented with complaints of central vision loss and micropsia. Medical history included a

burn-out 8 years ago, although there was no reported stress in the period of onset of the complaints. The patient did not use corticosteroids or any other

type of medication. The foveal optical coherence tomography (OCT) scan (A) revealed subretinal fluid (SRF) and a subfoveal choroidal thickness of

425 lm. The OCT also showed pachyvessels with attenuation of the overlying choriocapillaris. Fundus autofluorescence (B) mainly showed extensive

hyperautofluorescent changes and several spots of hypo-autofluorescence. The mid-phase fluorescein angiography (C) revealed extensive windows defects

and hyperfluorescent areas representing active leakage. The arterial phase of indocyanine green angiography at 17 s (D) showed filling of two vessels in the

macular region suggestive to be of arterial origin. One second later, filling of choroidal veins started (E; blue arrowheads). Several seconds later, choroidal

veins reminiscent of pachyvessels became visible (F; blue arrowheads), which appeared to be directly connected to the arteries (F; red arrowheads) that

emerged a few seconds earlier (D; red arrowheads). Mid-phase indocyanine green angiography (G) showed mainly hyperfluorescent changes with indistinct

borders, typical for central serous chorioretinopathy, as well as some choroidal folds. The patient received half-dose photodynamic therapy, and

multimodal imaging was performed 6 weeks after this treatment (H–N). A complete resolution of subretinal fluid was observed (H), as well as a reduction

in hyperfluorescent abnormalities on both fluorescein angiography (J) and indocyanine green angiography (N). Strikingly, signs of vascular remodelling

may be observed on the early phase of indocyanine green angiography (K–L), which appeared to show a notable reduction in some of the pachyvessels

after half-dose photodynamic therapy (M; top blue arrowheads) compared with the imaging before treatment (F; top blue arrowheads), as well as a general

decrease in previous abnormal hyperfluorescence (N). Moreover, the degree of filling of the apparent pachyvessels during the arterial phase in the macular

region appeared to be diminished after treatment with half-dose photodynamic therapy (K–M compared with D–F; red arrowheads).
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CSC in the current paper could explain
the high efficacy of PDT as a treatment
for CSC. PDT is a laser treatment
designed to target abnormal tissue with
high metabolic activity, such as malig-
nant tumours (Chan et al. 2010; Brinks
et al. 2021b). This is achieved by intra-
venous administration of the photosen-
sitizing compound verteporfin, prior to
laser application. Endothelial cells have
a high rate of lipoprotein endocytosis
compared with other cell types and
therefore also a high rate of verteporfin
ingestion, which makes endothelium
sensitive to PDT (Schmidt-Erfurth &
Hasan 2000). Moreover, PDT is specif-
ically selective to dysfunctional endothe-
lial cells, because of their abnormally
high rate of endocytosis and thus
verteporfin ingestion, such as choroidal
endothelial cells within choroidal neo-
vascularization or within the arteriove-
nous malformations of a choroidal
haemangioma (Schmidt-Erfurth &
Hasan 2000; Verbraak et al. 2003; Eales
et al. 2018). As such, the high success
rates of PDT in CSC may be explained,
at least partially, by selective targeting
of dysfunctional choroidal endothelial
cells that constitute a choroidal AVA or
AVF, inducing closure of such a vascu-
lar structure, for example via thrombo-
sis. This would stop or decrease
arteriovenous shunting and thereby
alleviate venous overload and associ-
ated vascular hyperpermeability.
Indeed, PDT has shown to often lead
to a complete resolution of SRF and
also reduces choroidal thickness and the
areas of hyperfluorescence detected on
mid-phase ICGA (Maruko et al. 2010;
van Rijssen et al. 2019; van Rijssen
et al. 2021a). Of note, this decrease in
choroidal thickness could also occur
due to ‘generic’ effects of PDT on the
vascular choroidal tissue. A chronic
CSC case in which choroidal vascular
remodelling appeared to occur after
PDT is shown in Fig. 6.

Peripapillary pachychoroid syndrome

Peripapillary pachychoroid syndrome is
a distinct entity within the PDS in which
a pachychoroid, pachyvessels and SRF
are observed specifically in the peripap-
illary region. Although many features
overlap with CSC, including male
predilection and the use of corticos-
teroids as a risk factor, the diseases have
been argued to have different patho-
physiologicmechanismsmainly because

of the specific localization of the chor-
oidal abnormalities (Phasukkijwatana
et al. 2018). Interestingly, the peripapil-
lary region of the choroid has been
described to have a venous outflow that
is separate from the vortex vein system,
which is formed by the choroidopial
veins (Ruskell 1997). Theoretically, this
may suggest that an AVA or AVF in the
central choroid results in CSC, while an
AVA or AVF connecting a choroidal
artery to a choroidopial vein results in
PPS. Baek and colleagues proposed a
similar pathophysiological mechanism
of arteriovenous shunting in eyes with
peripapillary polypoidal choroidal vas-
culopathy (Baek et al. 2019a). PDT has
been shown to be effective in PPS in a
recent pilot study that included 25 eyes
of 23 patients (Iovino et al. 2021). Sim-
ilar to the proposed effects of PDT
described above for CSC, the efficacy
of PDT in PPS may involve closure of
arteriovenous shunting, between a chor-
oidal artery and choroidopial vein
instead of a choroidal vein.

Recent insights and limitations of current

choroidal imaging techniques

In the past decades, more in-depth
knowledge has been gained on the
choroid using multimodal imaging tech-
niques. It is known that ICGA charac-
teristics of CSC show signs of venous
overload, including tortuous vessels,
flow voids and delayed filling, which
are also angiographic features of AVAs
and AVFs (Pr€unte 1995; Komatsu
et al. 2010; Gandhi et al. 2012; Kishi
et al. 2018; van Rijssen et al. 2019). The
hyperfluorescent areas seen on ICGA in
CSC are often reminiscent of areas
supplied by medium- to large-sized
arteries and veins. Given the lumen size
of these blood vessels, this may be
considered a suitable level at which a
choroidal AVAs or AVFs could have
pathological consequences, for instance
between an arteriole in Sattler’s layer
and a larger vein in Haller’s layer. The
fact that the choroid consists of a high-
density vascular meshwork with a very
close spatial relationship between numer-
ous arteries and veins, it can be chal-
lenging to detect such lesions on even
multimodal imaging, especially in deeper
choroidal layers, because most imaging
modalities have a limited resolution and
superimposed choroidal layers obscure
detailed imaging of deeper layers (van
Rijssen et al. 2019; Brinks et al. 2021b).

Moreover, if, for example, an AVF
would occur at the level of an arteriove-
nous crossing, it is doubtful whether an
actual ‘lumen’ of an AVF may exist, as
the arterial and venous vessel walls are
virtually directly adjacent to each other
(Yoneya & Tso 1987; Cheung
et al. 2021). These limitations in the
resolution of imaging also make it hard
to determine whether a potentially CSC-
causing choroidal AVA is the result of
either a physiological AVA that becomes
dysfunctional or of an acquired AVF
triggered by an event such as trauma,
ischaemia or inflammation.

Conclusions and
Perspectives

The PDS encompasses an intriguing
range of clinical manifestations char-
acterized by choroidal thickening and
dysfunction, in combination with
venous overload (Fig. 1). In this manu-
script, we formulate a hypothesis on
the potential of choroidal AVAs or
AVFs as a causal and unifying mech-
anism of the pathophysiological cas-
cade underlying the PDS. In this
hypothesis, we aimed to integrate clin-
ical, anatomical, functional, genetic
and biomolecular aspects of the PDS.
In addition, we present CSC cases with
potential evidence of such choroidal
AVAs on multimodal imaging (Figs 5
and 6, Supplementary File S1). This
manuscript may provide a basis for
future studies focusing on the origin of
the PDS and the potential role of either
AVAs or AVFs. Of note, disease-
causing AVFs elsewhere in the human
body, such as dural AVFs, show strik-
ing similarities to clinical signs of the
PDS, including tortuous vessel dilata-
tion, venous overload, vascular hyper-
permeability, flow voids and oedema
(Gandhi et al. 2012; Laakso & Hernes-
niemi 2012; Nasr et al. 2017; Spaide
et al. 2021), and their response to
corticosteroids. As such, we propose
that choroidal AVAs or AVFs may be
the initial event leading to the manifes-
tations of the choroidal venous over-
load that are characteristic of the PDS.

If a choroidal AVA or AVF would
cause excessive and/or uncontrolled
shunting of blood from arteries to veins,
bypassing the intermediary capillary
bed, the subsequent venous overload
can secondarily lead to the manifesta-
tion of typical PDS characteristics, such
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as pachychoroid, pachyvessels and vas-
cular hyperpermeability (Fig. 4). More-
over, intervortex vein anastomoses,
which are venous–venous connections
between choroidal veins crossing water-
shed zones (Spaide et al. 2020; Mat-
sumoto et al. 2020b), can thus be a
consequence of venous overload in a
vortex vein quadrant, rather than a
primary cause of the PDS. Nonetheless,
such intervortex vein anastomoses can
also be involved in the vascular hyper-
permeability that is characteristic of the
PDS, as has also been described by
Spaide et al. (2021) (Fig. 1C). A poten-
tial explanation could be that these
blood vessels are not suited to function
as mature choroidal veins and therefore
leak more easily. Other factors associ-
ated with the PDS, such as an increased
scleral thickness axial length, and vari-
ations in the vortex vein anatomy
(Spaide et al. 2021; Imanaga
et al. 2021a), may be additional risk
factors instead of primary causative
mechanisms, as these factors may sec-
ondarily contribute to the severity of
venous overload, which we hypothesize
to be primarily caused by choroidal
AVAs. Particularly interesting is the
fact that myopia rarely coincides with
pachychoroid spectrumdiseases, while a
short axial length is a risk factor forCSC
(Terao et al. 2020; Ravenstijn
et al. 2021). Although this may not be
directly explained by choroidalAVAs, it
may reflect an anatomical feature asso-
ciated with axial length that modulates
the risk to develop choroidal venous
overload in case of a choroidal AVA
(Terao et al. 2020; Ravenstijn
et al. 2021; Spaide et al. 2021).

It is unclear whether the origin of
these postulated choroidal arteriove-
nous shortcuts may concern a dysreg-
ulated primarily physiological AVA, or
a primarily pathological AVF that is
acquired during life. Of note, elsewhere
in the human body, opening and clo-
sure of physiological AVAs are known
to be actively regulated by vascular
smooth muscle cells and/or the auton-
omous nervous system, and this can
serve as the basis for vascular diseases
(Daniel & Prichard 1956; Nuzzaci
et al. 1988; Parke 2004; Walløe 2016).
Likewise, dysfunctional regulation of
physiological AVAs in the choroid
could be involved in the origin of the
PDS. On the contrary, clinical and
experimental data from AVFs in other
organ systems are surprisingly

reminiscent of peculiar disease aspects
of CSC, which are an idiosyncratic
sensitivity to corticosteroids and an
extraordinarily male preponderance
(Kitzmann et al. 2008; Nasr
et al. 2017; Kaye et al. 2020; Le Goueff
et al. 2020; Waheed et al. 2020). Obvi-
ously, this requires detailed anatomical
studies of the human choroid, using
modern techniques. Moreover, we pro-
pose that AVAs or AVFs can be
involved in all diseases that are part
of the PDS, because of the shared
disease characteristics pointing towards
venous overload (Spaide et al. 2021).
Notwithstanding, it requires further
investigation to elucidate the patho-
physiological differences between, for
example CSC and polypoidal choroidal
vasculopathy, and other diseases that
are part of the pachychoroid spectrum.

Several approaches can be considered
for follow-up studies that could provide
more solid evidence for the presence of
AVAs orAVFs in the human choroid. It
should be noted that most studies on the
anatomy of the human choroid were
performed decades ago and used FA,
conventional histology techniques and
post-mortem casts, which all had their
limitations in studying the choroidal
vascular anatomy in detail (Loewen-
stein 1949;Wybar 1954; Hayreh 1975).
The introduction of detailed spectral-
domain ICGA greatly improved knowl-
edge on studying haemodynamics of the
choroid and abnormalities in the chor-
oidal vasculature (Pr€unte 1995; Yan-
nuzzi 2011; Verma et al. 2020), but
this technique also has its limitations.
For example, it is challenging to delin-
eate single blood vessels due to limita-
tions in resolution and the fact that all
vascular layers of the choroid are always
imaged simultaneously. Advances in
OCT techniques can be useful to over-
come part of these limitations. Using
enhanced-depth imaging OCT of the
choroid, it is possible to distinguish the
choroidal vascular layers (Spaide
et al. 2008), and with swept-source
OCT a reconstruction of choroidal vas-
cular layers can be made in the frontal
plane (Dansingani et al. 2016), although
the current resolution of this imaging
technique may not be sufficient to reli-
ably identify potential AVAs or AVFs.
Furthermore, conventional OCT
images do not image haemodynamics,
which would be key to further assess
whether artery-to-vein shunting occurs.
Haemodynamics can be studied with

OCT angiography, relying on erythro-
cyte motion in contrast to fluorescence-
based imaging (Ferrara et al. 2016).
Currently, the imaging depth of OCT
angiography in healthy choroidal tissue
is largely limited to the retinal vascula-
ture and the choriocapillaris (Ferrara
et al. 2016), but further improvements
in this technique may allow for more
detailed imaging of the deeper choroidal
vascular layers and potential AVAs or
AVFs. Interestingly, the novel and
experimental technique laser ofDoppler
holography may be suitable to detect
potential choroidal AVAs (Puyo
et al. 2019a). This technique provides a
contrast that is comparable to ICGA
and OCT, but has the advantage of
separating arteries from veins in deeper
choroidal vascular layers based on
power Doppler spectral analysis (Puyo
et al. 2019a). Still, with this technique, it
is difficult to assess the macular region,
due to noise in the Doppler signal which
may be due to the high density of RPE
and photoreceptors in themacula (Puyo
et al. 2019a). Another approach to
detect potential AVAs or AVFs may
be oximetry which can be performed
using a non-invasive spectrophotomet-
ric oximeter (Kristjansdottir
et al. 2013). However, the decline in
oxygen concentration between choroi-
dal arteries andveins is known tobeonly
3%, and therefore, itmay be challenging
to detect arteriovenous shunting on
these narrow margins (Kristjansdottir
et al. 2013). Further advancements in
the resolution and imaging depth of
choroidal imaging techniques will be
important to thoroughly assess the
potential existence and characteristics
of choroidal AVAs or AVFs.

Despite the described limitations,
using conventional multimodal imag-
ing, the CSC cases presented in this
study are suggestive of the presence of
either an abnormally functioning AVA
or an AVF (Figs 5 and 6, File S1). The
effect of PDTappears to bemediated via
targeting of such structures (Fig. 6). In
addition to limitations in imaging tech-
niques, the biomolecular aspects of the
formation of AVAs and how these
structures could cause disease are still
poorly understood, and are unexplored
in the context of choroidal endothelium.
Therefore, it would be of interest to
explore the specific aspects of male and
female human choroidal endothelium in
the context of either AVAs or AVFs,
and compare the endothelial features in
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AVAs or AVFs to other types of
endothelium (Cai et al. 2020; Kudze
et al. 2020; Chan et al. 2021). This
may also include studies to the effects
of corticosteroids on endothelium, vas-
cular smooth muscle cells or local
autonomous nervous system activity as
a pathological stimulus, as the
biomolecular mechanisms underlying
the associations between corticosteroids
and CSC, and between corticosteroids
and dural AVFs, are unknown (Nasr
et al. 2017; Brinks et al. 2021a). We
have recently described the transcrip-
tome of cultured human choroidal
endothelial cells after cortisol exposure
in both males and females (Brinks
et al. 2021a, 2021b). Although the func-
tional implications are yet to be fully
unravelled, cortisol-regulated genes
included a range of genes that are
potentially relevant in the pathogenesis
of the PDS, such as genes involved in
vasodilatation mediated by nitric oxide
(e.g. ZBTB16) and genes involved in
barrier function (e.g. ANGPTL4)
(Brinks et al. 2021a, 2021b). Regarding
these studies, particularly, the nitric
oxide pathway may be of interest, as
this pathway has been shown to be
affected in a mouse model for AVF
specifically in males (Kudze et al. 2018,
2020).

In conclusion, this manuscript dis-
cusses novel perspectives that could
improve our understanding of the com-
plex pathophysiology of the PDS. We
propose that abnormal arteriovenous
shunting in the choroid is a key event
preceding pathological changes in
pachychoroid spectrum diseases, which
is complementary to earlier formulated
hypotheses on the PDS (Dansingani
et al. 2016; Kishi et al. 2018; Baek
et al. 2019a; Jung et al. 2020; Kaye
et al. 2020; Cheung et al. 2021; Mat-
sumoto et al. 2021; Spaide et al. 2021;
van Dijk & Boon 2021; Brinks
et al. 2021b). Future experimental and
clinical studies are warranted to confirm
that choroidal either AVAs orAVFs are
a key feature at the basis of the PDS.
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Supporting Information

Additional Supporting Information
may be found in the online version of
this article:

File S1. Indocyanine green angiogra-
phy of the right eye of a 62-year-old
man with bilateral central serous chori-
oretinopathy. This patient presented
with central vision loss and metamor-
phopsia. The patient did not have a
medical history, although he described
his work as stressful. Indocyanine
green angiography video revealed pul-
satile filling of an apparent choroidal
artery (indicated with a red circle in
slow motion), superonasally to the
macular region. As filling of the chor-
oidal vasculature progresses, the artery
that shows pulsatile filling appears to
be a directly communicating lumen
with intervortex vein anastomosis that
cross the nasal macular region and feed
an extensive network of pachyvessels
inferior to the macula.
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