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Abstract

Background The availability and reduced cost of genotyping has improved gene susceptibility testing and our scientific
understanding of disease pathophysiology. Whilst several personalised translational models exist within medical frame-
works, genetic-based surgical therapy is a translational application not widely used in surgical specialties.

Method We present a clinical series of five patients with genetically confirmed bestrophinopathy and malignant glaucoma
(MG). Patients were followed up for 12 months or more after receiving surgical intervention to manage refractory intraocular
pressure (IOP) resistant to medical treatment.

Findings Patients with BEST1 gene mutations are at higher risk of MG after filtration surgery. A multi-disciplinary approach
after four patients experienced poor outcomes concluded that traditional first-line glaucoma surgery was not sufficient to
prevent visual loss. A fifth patient presenting with the identified at-risk phenotype underwent primary pars plana vitrectomy,
with pars plana Baerveldt tube insertion, successfully preventing MG and had no glaucoma progression after 5 years.
Interpretation We provide proof-of-principle that genetic analysis can be used to inform the selection of surgical therapy to
improve outcomes. In this case, a refinement of current surgical methods to avoid MG. Although challenges remain,

personalised surgery has the potential to improve clinical outcomes beyond the scope of current surgical practice.

Supplementary information The online version of this article (https://
doi.org/10.1038/s41433-019-0553-5) contains supplementary
material, which is available to authorized users.
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Introduction

Personalised medicine (PM) is the translational goal at the
core of current molecular medical research [1]. How to
effectively, efficiently and economically integrate genetic
information into the medical management of patients is the
biggest challenge in frontline innovation strategies [2, 3].
Using genetic information to guide the selection of surgical
candidates has now been reported in cancer therapy [4]
and neurosurgery [5], with likely applications in more
specialties.

Best disease (BD) was first described by Adams in 1883
and named by Best in 1905 [6]. It is an inherited, macular
dystrophy characterised by vitelliform macular lesions (egg
yolk appearance), a normal electroretiongram (ERG) and
loss of the electooculogram (EOG) light-rise. The aetiology
of BD was first linked to the BESTI (VMD?2) gene in 1998
[7]. BD is classically an autosomal dominant disorder
(ADB). In 2008, a more devastating and underdiagnosed
form autosomal recessive bestrophinopathy (ARB) was
discovered, with a previously unknown risk of angle-
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closure glaucoma, which was present in at least 50% of
patients with ARB [8]. We present a translational disease
paradigm where genetically informed personalised surgical
intervention can directly improve clinical outcomes, thereby
coining the term “surgico-genetics”.

At two tertiary referral centres for glaucoma, we
observed a series of three patients with ARB (cases 1, 2 and
3) and one with ADB (case 4, the only autosomal dominant
case with angle-closure glaucoma reported in the literature
at the time of this report), who developed a sight threatening
complication after first-line glaucoma surgery, known as
malignant glaucoma (MG).

MG occurs when aqueous humour, fluid in the anterior
chamber (AC) (between cornea and iris) is diverted into the
posterior chamber (between iris, zonule fibres and lens)
causing the intraocular pressure (IOP) to become uncon-
trollably high. Cases 1-4 had poor outcomes following
initial surgery (cataract removal in patient 4, and trabecu-
lectomy in patients 1-3) and developed MG. Additional
surgical management including cycloablation (laser
destruction) of the ciliary body, further glaucoma drainage
implant surgery, and long-term topical and oral medications
became necessary. The full clinical details of cases 1-5 are
presented below, and key clinical signs and relevant ima-
ging for cases 1-5 are highlighted in the supplementary
PowerPoint presentation.

Methods
Genome sequencing and assembly

Bidirectional Sanger sequencing of BESTI in affected
individuals was performed at the National Genetics Refer-
ence Library in Manchester, UK.

Case reports
Case 1

A 44-year-old Caucasian female previously diagnosed with
bilateral autosomal recessive bestrophinopathy (ARB) pre-
sented with bilaterally closed angles, right glaucomatous
optic neuropathy, IOPs being 34 mmHg RE and 26 mmHg
left eye (LE), best corrected visual acuity (BCVA) was 6/60
right eye (RE) and 6/36 LE. She underwent bilateral YAG
laser iridotomies followed by right mitomycin augmented
trabeculectomy. One week postoperatively, the patient
presented with right severe ocular pain, shallow right AC
and right IOP 47 mmHg, right MG was diagnosed and she
underwent right pars plana vitrectomy (PPV) with sub-
sequent AC reformation. Six months postoperatively, right
BCVA had deteriorated to HM due to right cystoid macular
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oedema despite being on long-term oral acetazolamide
500 mg bd, her IOPs were 11 mmHg RE (on cyclopentolate
1% nocte) and 16 mmHg LE (on timolol 0.25% bd, lata-
noprost 0.005% nocte) with significant cupping of the right
optic disc, examination showed bilateral juxtapapillary
drusen. Molecular genetic analysis revealed two hetero-
zygous variants: ¢.102C>T p.Gly34Gly and c¢.572T>C p.
Leul91Pro at the BEST! gene.

Case 2

A 4l-year-old Caucasian male phakic with bilateral
advanced primary angle-closure glaucoma (PACG) and
bilateral ARB, exfoliation syndrome on the AC lens sur-
face, and optic discs drusen presented with bilateral ocular
pain and blurred vision for 12 h, having had bilateral aug-
mented trabeculectomies. BCVA was 6/60 RE and 3/60 LE,
examination revealed shallow ACs (right> left), flat
hyperaemic blebs, IOPs measuring 43 and 25 mmHg, axial
lengths (ALs) measuring 21.45 and 21.32mm, and AC
depths (ACDs) measuring 2.05 mm and 2.36 mm RE and
LE, respectively. Bilateral MG was diagnosed (Fig. 1) and
both eyes were firstly commenced on topical atropine 1%
tds, and then underwent cyclodiode laser ciliary body
ablation (CLCBA) 1 week and 9 months later RE and LE,
respectively. Eight weeks after left CLCBA, IOPs measured
22mmHg RE and 9 mmHg LE with partial recovery of
BCVA in the RE to 6/24. Molecular genetic analysis
revealed a mutation ¢.602 T>C p (Ile201Thr) in exon 5 of
the BESTI gene. MG recurred after 4 months of CLCBA,
but he also developed an allergy to atropine eye drops used
for the treatment of MG.

Case 3

A 24-year-old student bilaterally phakic with bilateral ARB
and bilateral PACG and left filtering bleb from previous
augmented trabeculectomy presented for progressive blur-
red central vision in her RE over last 6 months. On exam-
ination, BCVA was 6/24 in RE and CF in LE, IOPs were
46 mmHg and 16 mmHg, respectively, examination showed
left MG (—6.75 spherical equivalent of the myopic shift in
the LE + left ACD <2 mm) and bilateral peripheral anterior
synechiae. The patient initially underwent right iridotomy
and iridoplasty, and then right clear lens extraction + IOL
2 weeks later, with subsequent right aqueous misdirection
1 week postoperatively, right IOP having progressively
increased from 14 to 35 mmHg and right AC being shallow.
She was initially commenced on g. atropine 1% to both
eyes, and then underwent right CLCBA and left clear lens
extraction 4+ IOL with subsequent left bleb failure, and then
underwent left CLCBA (Fig. 2). Four months post-
operatively, BCVA was 6/36 in both eyes, her IOPs being
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Fig. 1 Anterior segment-OCT images of Case 2. First row: anterior
segment-OCT images the day after tapering down g. atropine 1% from
tds to od in both eyes. Second row: anterior segment-OCT images
during the second aqueous misdirection episode in both eyes, during
treatment with g. atropine 1% od. Third row: anterior segment-OCT
images of anterior chamber angles, showing reduced angle opening
distance 500 (AOD 500), and the marked shallowing of the anterior
chamber during aqueous misdirection in both eyes. Fourth row:
anterior segment-OCT images during initial resolution of aqueous
misdirection in the left eye, 3 days after left CLCBA. Fifth row:
anterior segment-OCT images 8 weeks after left CLCBA. Aqueous
misdirection has now resolved in both eyes. Sixth and seventh row:
colour photographs and fundus autofluorescence with bilateral
advanced PACG, showing bilateral ARB, bilateral optic discs drusen
and macular perifoveal lesions typical of ARB

16 and 26 mmHg respectively on dorzolamide 2%;/timolol
0.5% bd and latanoprost 0.005% nocte to both eyes with left
fully cupped disc. Molecular genetic analysis revealed the
c.454 C>G and the c.481 + 1 G>T mutations at the BEST/
gene.

Case 4

A 42-year-old Caucasian female bilaterally phakic, with
bilateral ADB, bilateral ACG and previous LE multiple
filtering surgeries which led to corneal endothelial damage
and opacities presented for a second opinion about her RE.
Her right IOP was 43 mmHg on four topical lowering-IOP
drugs, she initially underwent right clear lens extraction +
IOL and developed aqueous misdirection 1 week post-
operatively. Despite a deepening of her right AC with
topical atropine 1%, right IOP remained 40 mmHg requiring
right CLCBA, and right IOP normalised to 10 mmHg on no
topical/systemic anti-glaucoma treatment 9 months post-
CLCBA. EOG showed neither dark troughs nor light-rise in
both eyes, confirming the ADB diagnosis. Molecular
genetic analysis the coding region (exon 8), ¢.914 T>C,
p-Phe305Ser.

Case 5

A 23-year-old lady with deteriorating vision for 4 years,
BCVA 6/60 RE, hand motion LE, was found to have ele-
vated IOP of 38 mmHg RE and 48 mmHg LE, and bilateral
vitelliform lesions at the macula. Her optic disc and anterior
segment examination showed end stage angle-closure
glaucoma, with disc cupping >0.9 in both eyes. Due to
her young age and significant risk of complete visual loss, a
multi-disciplinary approach was taken while temporising
surgery with cycloablation was performed, and genetic
testing to confirm her BEST! disease status.

Her IOPs remained uncontrolled with maximal medical
therapy and acetazolamide, so definitive surgery with pri-
mary PPV (complete vitreous gel removal) and a glaucoma
drainage implant (Baerveldt tube) directly through the pars
plana into the posterior chamber was performed sequen-
tially in both eyes—see also Supplementary material.

After 2 months, her IOPs normalised to 12 mmHg RE
and 17 mmHg LE. After 5 years, her IOPs were 16 mmHg
in both eyes with no medications required in both eyes.
There was reversal of her optic disc cupping to 0.7 in the
RE, and stable at 0.9 in her LE. She achieved the best IOP
and vision outcome of any patient studied, avoiding the
complication of MG throughout her S5-year treatment
course. This was a direct result of selecting primary vitreous
removal surgery, combined with a pars plana drainage
implant, when we recognised her genetic risk of refractory
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Fig. 2 Colour photographs,
visual fields and anterior
segment imaging of patient 3.
The right eye is shown in a-d,
left eye in e—g. Significant
iridotrabecular contact was seen
in the right eye on AS-OCT (a),
and upon instillation of g.
pilocarpine 2% drops, the angle
remained closed (b). One week
after right clear lens extraction
(c), the angles were still closed
on gonioscopy and AS-10.1038/
$41433-019-0553-5 OCT. The
anterior chamber (AC)
continued to shallow over 5
weeks, requiring g. atropine
drops to deepen the AC, and
treat any subclinical aqueous
misdirection. d A good response oD
to g. atropine, the IOP was
lowered and more open AC
angles were seen. The left eye
underwent trabeculectomy
before these images were taken
(e, f). f A superior bleb is on the
left side of this cross-sectional
image, taken vertically. On high
resolution AS-OCT, significant
iridocorneal contact completely
occluding the anterior chamber
angle is seen in f. After clear
lens extraction in the left eye,
the AC shallowed initially, but
deepened after cyclodiode
ablation of the ciliary body (g).
The IOP in the left eye remains
high, despite deepening of the
drainage angle and the patient
subsequently had an anterior
chamber Baerveldt tube inserted
for IOP control

MD -10.24dB

MG that was observed in the other patients who had first-
line surgery not personalised to their underlying genetic
condition (see Fig. 3).

Discussion

The BESTI gene encodes bestrophin-1, a transmembrane
protein located in the basolateral membrane of the retinal
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pigment epithelium (RPE) [9-12] The light-rise of the EOG
is thought to result from chloride conductance across the
basolateral membrane of the RPE [13, 14]. Exogenous
expression of bestrophin-1 produces a chloride ion con-
ductance, which suggests that bestrophin-1 may function as
a calcium-sensitive chloride channel directly responsible for
generating the light-rise of the EOG [15].

Half of all mutations described are found in the C-terminal
region of bestrophin-1, which interacts with serine/threonine
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MEDICAL RETINA REFERRALS: GENOTYPIC IDENTIFICATION

PATIENT 1 (AR) PATIENT 2 (AR) PATIENT 3 (AR)

¢.102C>T, p.Gly34G!

ly34Gly €.602T>C, p.LIe201Thr
€.572T>C, p.Leu191Pro

€.454C>G, p,Pro152Ala
Homozygous

c.481+1G>T, pGly161Cys

VITREOPATHY MECHANISM: UNKNOWN

15T LINE GLAUCOMA SURGERY (IRIDOTOMY AND/ LENS EXTRACTION OR
TRABECULECTOMY)

POOR SURGICAL OUTCOMES AND SIGHT LOSS

CONVENTIONAL SURGERY

Fig. 3 The personalised surgical (surgico-genetic) model for managing
angle-closure glaucoma secondary to BESTI mutations. In sub-spe-
cialist clinics, the genetic aetiology of a condition may be recognised
by a specialty group/physicians, while the surgical intervention is
managed by a different specialty or surgical group. During joined-up
care, careful recognition of any association between mutation status
and adverse surgical outcomes provides a unique opportunity for
further understanding of surgico-genetic interventions to personalise

protein phosphatase2A (PP2A), indicating that these residues
may be important in the regulatory interaction between
bestrophin-1 and phosphatase2A [16]. The protein PP2A is
important in the regulation of photoreceptors in the human
retina, which might explain the ERG abnormalities noted in
ARB. Phosphorylation and dephosphorylation of bestrophin-
1 may also act as the on/off light switch for the amplitude and
timing of the EOG response [16].

Choroidal expansion [17] is the most likely mechanistic
explanation for the phenotype of MG. Given that hyperopia
of >+ 3.0DS is a recognised feature of BD [18], shallow
iridocorneal angles are expected. However, the consistent
report of MG in ARB cases has now been discussed by
Zhong et al. [19] and our series with 100% penetrance of
MG after trabeculectomy, apart from case 5 in this report.
This supports an inherent vitreopathy triggering MG when
incisional surgery is performed (without removing the
vitreous). A defective homoeostasis of the fluid exchange
chloride pump is also highly probable [20].

The abnormal AL (small to nanophthalmic eyes in
Bestrophin patients) and high myopia of ADVIRC patients
are both under BEST! genetic regulation [10, 21, 22]. We
hypothesise that BESTI, which is found in the RPE, has
closely regulated developmental functions with the vitreous
and choroid, expressed as extremes in axial biometry
[23, 24], and the development of MG, particularly when
biallelic mutations (ARB) are present [21].

In case 5, personalised surgical treatment of vitrectomy
disrupted the anterior hyaloid face, released any pockets of
aqueous sequestered within the vitreous gel and re-established

MONOGENIC DISEASE:
BEST DISEASE

GLAUCOMA REFERRAL: PHENOTYPIC
IDENTIFICATION

PATIENT 4 (AD) PATIENT 5 (AR)

¢.914T>C, p.Phe305Ser €.29C>T, p.Ala10Val
€.422G>A p.Arg141His

RECOGNITION OF POOR
OUTCOMES FROM 1°" LINE
GLAUCOMA SURGERY

VITREOPATHY
MECHANISM:
IDENTIFIED

PRIMARY PARS-PLANA VITRECTOMY WITH
BAERVELDT TUBE INTO POSTERIOR CHAMBER

EXCELLENT SURGICAL OUTCOMES (PATIENT
REMAINS PHAKIC WITH STABLE FIELDS)

PEl ISED

treatments. We provide an example here with BEST/ mutations. A
known surgical intervention, primary pars plana vitrectomy and pri-
mary Baerveldt tube implantation in the posterior chamber, which
addresses the vitreopathy, can become the treatment of choice when
secondary angle-closure glaucoma is detected. This avoids the com-
plications of malignant glaucoma that are highly frequent with treat-
ments like lens extraction or trabeculectomy in the presence of BEST]
mutations. AR autosomal recessive, AD autosomal dominant

communication between anterior and posterior chambers.
This avoided development of MG during her clinical course.
Whilst the direct genotype—phenotype of this association
cannot currently prove that the vitreous is involved in the
disease, other authors have also clearly stated that patients
with BEST] mutations at risk of angle-closure glaucoma have
to ‘avoid filtration surgery/trabeculectomy’. Our paper pre-
sents an alternative surgical method with primary PPV and
posterior chamber drainage tube implantation, which suc-
cessfully bypassed the complication of MG, and remained
functional after 5 years. We thereby highlight the translational
implications of genetic information guiding surgical selection
(surgico-genetics).

Conclusion

Actionability of genetic data is defined by Snyder et al. as
the interpretation of molecular events to guide therapeutics
and clinical care. The first paper describing genetic diag-
nosis changing the medical treatment of an individual
patient was published in 2012 [23]. This report describes
genetic analysis directly informing the selection of surgical
options, not directly for the primary retinal disorder, but to
manage and prevent devastating sight threatening compli-
cations from the associated glaucoma. As such, there is
currently no recognition, regulatory framework or funding
for the field which we call surgico-genetics.

Like clinical medicine, surgery too can be optimised by
considering individual variables, for example, age,
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comorbidities, and psychological make-up. We believe
surgico-genetics to be the next frontier in improving sur-
gical outcomes for our patients. The logistics of achieving
this within daily practice are possibly what has halted the
genesis and development of this idea so far. By working
closely with our research partners, the potential gains of
personalised surgery may shift this trend.

Combined PPV surgery and pars plana Baerveldt tube
implantation for refractory glaucoma has already been
shown [24], and in this case applied when managing angle-
closure glaucoma in a young patient with ARB, preserving
her sight (Fig. 3) for more than 5 years to date, with no
complications. Ophthalmology has an established record in
the forefront of PM [25], and with more molecular diag-
noses being made, we anticipate further progress in surgico-
genetics both from our field, and other surgical specialties.

Summary
What was known before

e Best disease is a rare genetic disorder affecting the eye,
mainly at the macula if autosomal dominant, and more
severely affecting the macula and remaining fundus with
autosomal recessive inheritance.

What this study adds

e Best patients have an additional risk of developing
malignant glaucoma, which is particularly difficult to
manage, and requires surgical intervention.

e Filtration surgery and trabeculectomy is not recom-
mended in patients with bestrophinopathies.

¢ We demonstrate a solution describing a surgical technique
based on an understanding of the molecular diagnosis.

e We provide proof-of-principle that genetic analysis can
be used to inform the selection of surgical therapy.
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