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Abstract
Background Ciclo plasty using high-intensity focused ultrasound (HIFU) technology acts through the selective coagulation
of the ciliary body. Our aim was to evaluate the safety and efficacy profiles of 8-s probe HIFU cyclocoagulation using the
EyeOP1 device.
Methods Prospective pragmatic trial. Inclusion criteria: adult glaucoma patients with uncontrolled IOP despite optimised
medical therapy, and/or intolerant to medical therapy required to achieve target IOP. Primary outcome: surgical success
defined as IOP reduction from baseline >20% with final IOP ≤21 mmHg, without adding any IOP-lowering drugs, and
without loss of light perception; or decreased use of IOP-lowering drugs with stable/decreased IOP, without loss of light
perception. Secondary outcomes: mean IOP, intra and postoperative complications, best-corrected visual acuity (BCVA) and
number of IOP-lowering drugs at each visit. Outcome data were collected preoperatively and at postoperative day 1, and
months 1, 3, 6 and 12.
Results Forty-nine eyes of forty-nine patients (28 male) with a mean age of 70 ± 14 years were enroled. Pre-operative IOP
was 26.9 ± 7.4 mmHg under 2.8 ± 0.9 topical medications, decreasing to 17.8 ± 6.4 mmHg under 2.3 ± 1 drugs at 12 months
(p < 0.01). One-year surgical success was achieved in 71.4% of patients (IOP-reduction criteria: 59.2%; decreased use of
IOP-lowering drugs: 38.8%). Eight patients were ultimately submitted to other glaucoma surgical interventions. Five patients
experienced serious adverse events (loss of light perception n= 5; hypotony n= 1).
Conclusions This innovative non-invasive technology seems to be effective in decreasing IOP and/or the number of
administered drops in patients with refractory glaucoma. It seems a valuable tool to delay or preclude the need for filtering
procedures in the majority of the patients.

Introduction

Glaucoma is a chronic progressive optic neuropathy with an
estimated prevalence of 64.3 million people worldwide, and
projections are to further increase to 76.0 million by 2020
[1]. While several risk factors have been identified for

disease onset and progression, intraocular pressure (IOP)
remains the only actively modifiable factor—and so, the
basis for therapeutic management of disease [2–4]. IOP
control is not always straightforward to obtain, and
according to two nationwide studies on glaucoma treatment
patterns, 25–28% of patients are on multiple topical drug
regimens [5, 6]. These may be candidates for glaucoma
filtering surgery.

The impact of glaucoma on patients’ quality of life
(QoL) is thus potentially enormous, considering not only
the visual disability but also the burden of medical and/or
surgical treatment [7]. The Collaborative Initial Glaucoma
Treatment Study compared the QoL impact of initial med-
ical with surgical approaches and concluded that, on the
short term, QoL was affected in the surgical arm. While this
difference became non-significant on the long term, it
details how filtering surgery can be a stressful period for

* Luis Abegão Pinto
abegaopinto@gmail.com

1 Department of Ophthalmology, Hospital Santa Maria,
Lisboa, Portugal

2 Ophthalmology Clinic, Faculdade de Medicina, Universidade de
Lisboa, Lisboa, Portugal

3 Visual Sciences Study Centre, CECV, Faculdade de Medicina,
Universidade de Lisboa, Lisboa, Portugal

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41433-020-0878-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41433-020-0878-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41433-020-0878-0&domain=pdf
http://orcid.org/0000-0002-1445-7592
http://orcid.org/0000-0002-1445-7592
http://orcid.org/0000-0002-1445-7592
http://orcid.org/0000-0002-1445-7592
http://orcid.org/0000-0002-1445-7592
http://orcid.org/0000-0001-7968-0501
http://orcid.org/0000-0001-7968-0501
http://orcid.org/0000-0001-7968-0501
http://orcid.org/0000-0001-7968-0501
http://orcid.org/0000-0001-7968-0501
http://orcid.org/0000-0002-7680-0325
http://orcid.org/0000-0002-7680-0325
http://orcid.org/0000-0002-7680-0325
http://orcid.org/0000-0002-7680-0325
http://orcid.org/0000-0002-7680-0325
http://orcid.org/0000-0002-9960-7579
http://orcid.org/0000-0002-9960-7579
http://orcid.org/0000-0002-9960-7579
http://orcid.org/0000-0002-9960-7579
http://orcid.org/0000-0002-9960-7579
mailto:abegaopinto@gmail.com


patients [8]. In fact, ongoing innovative trials (Treatment of
Advance Glaucoma Study [9]) are still trying to determine
whether primary surgical intervention has an advantage
over medical therapy in newly diagnosed advanced cases.

A new balance between efficacy and safety was recently
obtained by novelty technologies affecting the aqueous
humour production in non-invasive manners [10–13].
Among these, Gazzard et al. demonstrated the better cost-
effectiveness profile of the selective laser trabeculoplasty
when compared with conservative topical drug regimens,
while reducing the need for surgical interventions in the
long run [14]. It is reasonable to consider the same may
hold true for other non-incisional IOP-lowering techniques.

In this pragmatic trial we focus on the partial destruction
of the ciliary body through high-intensity focused ultra-
sound (HIFU). This system performs selective cyclocoa-
gulation trough a miniaturised circular system composed of
six high frequency piezoelectric transducers, decreasing the
aqueous humour production and therefore the IOP; a pos-
sible increase in the aqueous outflow through the uveoscl-
eral route is another suggested effect mechanism [15, 16].
This technology enables a non-incisional, fast, and easy to
learn procedure, with reports from previous 6-s probes
demonstrating an average of 35% IOP reduction and a
reported 65–70% response rate [15]. The purpose of this
study was to evaluate the safety and efficacy profiles of
HIFU cyclocoagulation using the new 8-s probe of EyeOP1
device (Eye Tech Care, Lyon, France) on a real life setting.

Materials and methods

We present the first-year results of a prospective pragmatic
non-comparative trial ongoing at the Glaucoma department
of a tertiary care centre (Hospital de Santa Maria, Lisboa,
Portugal). This study was conducted in compliance with the
Declaration of Helsinki. The Institutional Review Board
approved the conduct of this study, and all patients provided
both verbal and written informed consent before enrolment.

Up for inclusion were adult patients (i.e. ≥18 years old)
diagnosed with open or closed-angle glaucoma, either pri-
mary or secondary, with uncontrolled IOP despite max-
imum tolerated medical therapy and/or intolerant to medical
therapy required to achieve target IOP. Only one eye was
allowed per study subject (first treated). Enrolment period
was set between January 2015 and June 2017. Exclusion
criteria included any visual field loss attributable to an
unrelated condition. Lens status and previous incisional
glaucoma surgery were not considered for purposes of
patient selection.

Sample size was calculated as to detect a minimal dif-
ference of 20% in the rate of success, considering: alpha
level of 0.05; power of 80%; null proportion of 0.1. We

obtained an estimated sample size of 42 patients, adding an
additional number of 5 patients to prevent for losses of
information during follow-up.

All patients underwent a baseline multimodal assessment
by the same investigator (LAP) for diagnosis and aetiology
confirmation, and preoperative staging of disease. This
evaluation included: best-corrected visual acuity (BCVA,
decimal), slit lamp biomicroscopy, fundus examination,
Goldmann applanation tonometry (three measurements),
gonioscopy, automated visual field testing if possible (G
Dynamic 30-2 test; Octopus, Haag-Streit, Koeniz, Swit-
zerland) and peripapillary retinal nerve fibre layer scans
using spectral domain optical coherence tomography (Hei-
delberg Engineering, Heidelberg, Germany).

All patients were treated according to the pre-specified
surgical protocol, under combined regional anaesthesia and
short sedation. HIFU cyclocoagulation was performed using
the EyeOP1 device, which probe is equipped with six pie-
zoelectric transducers. Three different probe diameters are
available (11, 12 and 13 mm); selection was done according
to preoperative biometric data, in order to better fit the
ocular size. The probe cup was filled with balanced salt
solution and manually centred on the patient’s eye. The
treatment device was held in place by a suction system
during the standardised sequential activation of the six
sectors. We used standard (not customisable) HIFU treat-
ment parameters, and were set as following: frequency 20.5
MHz; acoustic power 2.45W; transducer activation time 8
s; time between shots 20 s.

Postoperative treatment included a topical fixed combi-
nation of tobramycin and dexamethasone given four times a
day for 4 weeks. Considering the pragmatic study design,
preoperative IOP-lowering drugs were initially maintained
and further adjusted according to IOP values. Postoperative
follow-up visits were scheduled at days 1 and 7, and months
1, 3, 6 and 12. At each visit, patients were submitted to a
full ophthalmological observation (including three mea-
surements of Goldmann applanation tonometry), and any
experienced adverse events were recorded. Whenever
patients were submitted to glaucoma invasive surgery (tra-
beculectomy or tube-shunt surgery) during the follow-up
period, these cases were considered as failure, and censor-
ing was performed to any data following the second
intervention.

Primary composite outcome was the surgical success
defined as final IOP ≤ 21 mmHg with >20% decrease in IOP
from baseline, without adding any IOP-lowering drugs, and
without loss of light perception; or decreased use of IOP-
lowering drugs (topical and/or oral carbonic anhydrase
inhibitor (CAI)), with stable/decreased IOP, without loss of
light perception. Secondary outcomes: mean IOP, intra and
postoperative complications, BCVA (Snellen decimal) and
number of IOP-lowering drugs in use at each visit. For
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statistical purposes and according to Lange et al., “counting
fingers” was classified as 0.01; “hand movements” as 0.005
and “light perception” as 0.0005 [17].

Statistical analysis was performed with STATA® v15
(StataCorp, Lakeway Drive, USA), at the significance level
α of 0.05. Missing data were approached with a last
observation carried forward strategy.

Results

Forty-nine eyes of forty-nine patients (28 male) were
included in this analysis. Mean age was 70 ± 14 years old
[range 24–88]. Mean preoperative IOP was 26.9 ± 7.4
mmHg, and patients were under an average of 2.8 ± 0.9
topical IOP-lowering drugs [range 0–4]. Seventeen patients
were under oral CAI (35%). Mean central corneal thickness
was 522.5 ± 39.2 µm. Mean baseline visual field severity, as
assessed through mean deviation, was of 14.44 ± 8.12
[range 1.7–27.8]. Most eyes had primary open-angle glau-
coma (49%), followed by secondary open-angle (29%),
secondary angle closure (8%) and neovascular glaucoma
(8%). Thirty-three eyes were pseudophakic (67%), and
seven had previous glaucoma surgery (14.3%; single tra-
beculectomy n= 2, one of which with bleb revision; tube
surgery n= 2; trabeculectomy+ tube surgery n= 1;
microinvasive glaucoma surgery n= 2, one of which with
bleb revision). The proportion of patients naïve to filtering
surgery was 89.8%. Mean follow-up time was 22.7 ±
5 months [range 12–30]. See Table 1 for baseline demo-
graphic data.

Primary outcome

One-year composite surgical success as previously defined
was achieved in 35 eyes (71.4%). Among these, 29 eyes
fulfilled the criteria of final IOP ≤ 21 mmHg with an IOP-
reduction >20% without adding any IOP-lowering drugs
and without loss of light perception (59.2%), and 19 had a

decreased need for IOP-lowering drugs with stable/reduced
IOP and without loss of light perception (38.8%).

Eight patients were submitted to glaucoma incisional
surgical intervention before the 1-year time point; in these,
the second surgical intervention was delayed by an average
of 6.5 months [range 3–10].

Efficacy results are summarised in Table 2, and Table 3
details the cases of surgical failure.

Secondary outcomes

Mean preoperative IOP reduced from 26.9 ± 7.4 mmHg to:
16.5 ± 9.8 mmHg at day 1; 16.7 ± 7.4 mmHg at 1 month; 17
± 7.4 mmHg at 3 months; 18.5 ± 7.9 mmHg at 6 months;
and 17.8 ± 6.4 mmHg at 12 months post procedure (two-
sided t-test p < 0.001 for the comparison of each time point
to baseline). In average, at final observation, IOP was
reduced from baseline by 34%.

The number of IOP lowering drugs was progressively
reduced from 2.8 ± 0.9 at baseline, to 2.3 ± 1.0 at 1-year
post procedure (two-sided t-test p < 0.001). Mean and
relative IOP reductions from baseline are given in Fig. 1.

At month 3, all patients but one had discontinued oral
CAI (percentage users: baseline—35%; month 3–2%; chi-
square p < 0.001). At last observation, four patients were
under oral CAI (8%; test of proportions p < 0.001), all of
which were submitted to glaucoma filtering surgery before
the 12-month endpoint—and so, considered as cases of
treatment failure (Table 3).

At baseline, mean BCVA was 0.43 ± 0.32 (range
0.0005–1). No statistically significant differences were
found in paired t-test regarding BCVA throughout the study
period, except at the 12-month follow-up (1 month: 0.41 ±
0.3, p= 0.51; 3 months: 0.44 ± 0.28, p= 0.65; 6 months:
0.47 ± 0.32, p= 0.14; 12 months: 0.5 ± 0.33, p= 0.01).

After procedure, 11 eyes (22%) presented loss of BCVA
of at least 2 lines. Of these, four eyes (8%) were cases of
transient visual impairment, with spontaneous reversal by
3–6 months of follow-up. The remaining seven eyes (14%)

Table 1 Demographics and
baseline clinical characteristics
of the study population.

Patients’ baseline demographics

No. of eyes 49 IOP, mmHg (mean ± SD) 26.9 ± 7.4

Age, years 70.2 ± 14.3 No. topical drugs 2.8 ± 0.9

Females, % 42.9 Oral CAI, % 35.4

Right eyes, % 57.1 Pseudophakic, % 67

Diagnosis, n (%) –POAG: 24 (49%)
–Secondary OAG: 14 (28.6%)
–Secondary ACG: 4 (8.2%)
–Neovascular: 4 (8.2%)
–PACG: 2 (4.1%)
–Juvenile: 1 (2.0%)

BCVA, decimal (mean ± SD) 0.44 ± 0.32

Follow-up, months (mean ± SD) 22.7 ± 4.9

Central corneal thickness, µm (mean ±
SD)

522.5 ± 39.2

ACG angle-closure glaucoma, BCVA best-corrected visual acuity, CAI carbonic anhydrase inhibitor, IOP
intraocular pressure, OAG open-angle glaucoma, PACG primary ACG, POAG primary OAG.
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maintained visual loss by months 6–12 of follow-up: five
had advanced glaucoma and required additional procedures
(trabeculectomy or tube surgery) for uncontrolled IOP and/
or disease progression; the other two were cases of terminal
glaucoma, with low vision at baseline (“counting fingers” or
worse), that ultimately lost light perception. In total, five
patients lost light perception: four were cases of terminal
glaucoma with low vision at baseline (“counting fingers” or
worse), and one occurred in the setting of severe hypotony
described next.

Anisocoria, cataract progression, foreign body sensation,
hyporeactive iris, mild inflammation, presbyopia and tran-
sient corneal oedema were recorded as adverse events,
mostly transient and mild in nature. Eleven eyes (22.4%)
presented with anisocoria (with treated pupil larger), of
which nine were mild and transient (82%). One case of
severe hypotony was registered, in a uveitis patient with

Table 2 Summary of efficacy
results.

Baseline D1 M1 M3 M6 M12

Patients, n 49 49 49 48 44 40

IOP 26.9 ± 7.4 16.5 ± 9.8 16.7 ± 7.4 17 ± 7.4 18.5 ± 7.9 17.8 ± 6.4

Drops, mean ± SD 2.8 ± 0.9 2.8 ± 0.9 2.5 ± 1.4 2.6 ± 1.2 2.4 ± 1.1 2.3 ± 1

Oral CAI, n (%) 17 (35) 17 (35) 5 (10.2) 1 (2) 2 (4.1) 4 (8.2)

Success rate, total n (%) 40 (81.6) 38 (77.6) 37 (75.5) 36 (73.4) 35 (71.4)

(1) Decreased IOP 40 (81.6) 33 (67.3) 33 (67.3) 30 (61.2) 29 (59.2)

(2) Decreased drugs – 18 (36.7) 18 (36.7) 19 (38.8) 19 (38.8)

Success rate as defined by final IOP ≤ 21 mmHg and IOP reduction from baseline >20% without adding any
IOP-lowering drugs (1), or decreased use of IOP-lowering drugs (topical and/or oral carbonic anhydrase
inhibitor), with stable/decreased IOP (2). No data exists for the second criteria on day 1, according to study
pragmatic design.

CAI carbonic anhydrase inhibitor, IOP intraocular pressure.

Table 3 Cases of surgical failure or insufficient effect.

Patient Gender Age Glaucoma type Previous glaucoma
surgery

Baseline IOP No. baseline drugs IOP, D1 Last IOP
(months)

Outcome

1 Female 84 POAG – 30 3 17 28 (1) UC3 repeat

2 Male 80 POAG – 22 4 10 27 (3) Trab

3 Male 67 POAG – 25 3 8 19 (3) Trab

4 Male 84 POAG – 22 5 12 32 (3) Tube

5 Male 72 POAG Trab 18 2 14 18 (3) Tube, LLP

6 Male 27 SACG – 28 4 50 4 (3) LLP

7 Female 65 SACG – 30 4 38 20 (6) LLP

8 Male 65 NV – 30 5 20 30 (6) Tube

9 Male 58 POAG – 28 5 18 30 (6) Trab

10 Female 73 SOAG – 20 4 18 13 (9) Tube

11 Male 72 POAG – 28 4 22 24 (10) Tube

12 Male 69 NV – 32 4 23 16 (12) LLP

13 Female 71 NV – 60 3 54 30 (12) LLP

D1 day one, LLP loss of light perception, MIGS minimally invasive glaucoma surgery, NV neovascular glaucoma, POAG primary open-angle
glaucoma, SACG secondary angle closure glaucoma, SOAG secondary open-angle glaucoma, Trab trabeculectomy, Tube tube-shunt glaucoma
surgery.

Fig. 1 Secondary outcome results: IOP. Mean IOP, and relative IOP
reduction throughout the study timeline.
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Behçet disease. Procedure-related adverse events are
detailed in Table 4. Four patients reported ocular pain
during or after the procedure.

Discussion

Our study supports the HIFU cyclocoagulation of the ciliary
body as a therapeutic option for adult patients with
uncontrolled IOP despite optimised medical therapy. Dur-
ing the 1-year follow-up, mean IOP reduction from baseline
was of 34%, and only eight patients (16.3%) additionally
needed trabeculectomy or tube surgery during the study
time span. Our findings are supported by Denis et al. [18],
who assessed two different durations of HIFU cyclocoa-
gulation (4 and 6 s) in patients with POAG and secondary
refractory glaucoma. For both study groups, IOP respec-
tively decreased 32% and 36% from baseline to 1-year post
procedure, which is in line with our results.

Aptel et al. (EyeMUST1 Study; [19]) also investigated
the efficacy of HIFU cyclocoagulation in the setting of
refractory POAG. At 1-year post procedure, IOP-reductions
from baseline were superior to 20% in 68% of included
eyes. These steady results support the advantage of this
technique, which efficacy has been suggested to further
increase with repeated procedures [20].

As for the technical difficulty of this procedure, we can
only comment on its user-friendly profile and fast procedure
characteristics. Performing HIFU in cases with previous
glaucoma surgery was uneventful. Although theoretically
the ledge of tubes or blebs could difficult stablishing the
vacuum, this was an easily overcome obstacle, and no
procedure was cancelled, aborted or repeated for technical
difficulties.

Regarding safety aspects, most adverse events were mild
and transient. However, as a significant report, five patients

experienced loss of light perception, one of which in the
setting of severe hypotony in a young patient with a Behçet
disease and ocular inflammatory manifestations. The Eye-
MUST1 Study included three patients with uveitic glau-
coma, and no cases of hypotony were recorded in these
patients’ study group. Nonetheless, our reports regarding
visual acuity raise awareness to the importance of careful
patient selection.

Our results additionally suggest patients submitted to
HIFU may also experience relative BCVA impairment.
While sustained decrease of BCVA may be explained
through disease and/or cataract progression, the
mechanisms underlying transient visual impairment are
unclear. By revision of recorded adverse events, it is
possible that pupillary changes may play a role, such as
anterior chamber inflammation—nonetheless, the true
mechanisms to this effect should be further analysed in
future studies. As for the final visual acuity improvement
(12 months vs. baseline), it is probably explained by
previous study failures (patients needing additional
glaucoma surgery), which were not assessed in the final
study period.

Our study was mostly limited by its pragmatic design,
precluding us from analysing data from all included patients
at last follow-up. However, as to meet ethical standards, this
design was considered by the investigators as the most
suitable for the treatment of refractory glaucoma patients,
allowing for more flexibility in the adjustment of treatment
schemes and rescue therapies. In addition, we opted for a
non-comparative design; as this is a recent technology, and
still mostly applied to severe and refractory cases, its effi-
cacy and safety profile should be well stablished prior to
advancing to comparative studies.

Considering our previous findings, we believe HIFU
cyclotherapy can act on three main levels: reduction of IOP
levels, reduction of IOP-lowering drugs, and reduction/
retardation of invasive glaucoma surgery. Our findings
support its role as a valuable tool for patients with glaucoma
refractory to medical therapy.

Summary

What was known before

● High-intensity focused ultrasound (HIFU) cyclocoagu-
lation of the ciliary body is an effective therapeutic
option for adult patients with uncontrolled IOP despite
optimised medical therapy.

● Previous studies report 1-year IOP reductions of
32–36%.

● Efficacy has been suggested to further increase with
repeated procedures [20].

Table 4 Procedure-related adverse events.

Procedure-related adverse event N (%)

Anisocoria 11 (21.6)

Of which mild and non-sustained 9 (17.6)

Mild discomfort or foreign body sensation 4 (8)

Transient visual impairment 4 (8)

Loss of vision >2 lines at last follow-up 7 (14)

Loss of light perception 5 (10)

Presbyopia 1 (2)

Severe hypotony 1 (2)

Superficial punctate keratitis 2 (4)

Of which mild and non-sustained 1 (2)

Transient corectopia 2 (4)

Transient corneal oedema 1 (2)

488 R. E. Marques et al.



What this study adds

● This study is the largest prospective report on the 8-s
probe of the EyeOP1 device.

● Our results support the efficacy of the HIFU for non-
controlled glaucoma patients. Nearly 70% of patients
benefited from this technique.

● One case of serious hypotony occurred in the setting of
uveitic glaucoma, though previous studies stated the
safety of HIFU in this context.

● Patients submitted to HIFU may experience transient
visual disturbances.
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