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Purpose: To evaluate the clinical outcomes of a non-diffractive, wavefront-shaping extended depth-of-focus (EDOF) intraocular lens 
(IOL) in eyes with mild open-angle glaucoma (OAG).
Setting: Private practice; Sioux Falls, South Dakota.
Design: Prospective, open-label, interventional study.
Methods: In total, 52 eyes of 26 patients with mild OAG were enrolled and completed the study. All patients were bilaterally 
implanted with a non-diffractive, wavefront-shaping EDOF IOL. Seventy-seven percent of the patients were implanted with 
a trabecular microbypass stent at the time of surgery. Primary outcome measures included binocular corrected and uncorrected 
distance visual acuity (CDVA and UDVA), uncorrected intermediate and near visual acuity (UIVA and UNVA) and contrast sensitivity 
as measured by a Pelli-Robson chart. A subjective questionnaire was also administered to patients.
Results: At 4 months postoperative, the mean binocular UDVA and CDVA was 0.03 ± 0.12 and −0.06 ± 0.07, respectively. The mean 
UIVA and UNVA were 0.18 ± 0.12 and 0.31 ± 0.18, respectively. Eighty-five percent of the subjects achieved ≥20/25 UDVA and 77% 
of the subjects achieved ≥20/32 UIVA at 4 months postoperative. The mean binocular mesopic contrast sensitivity was 1.76 ± 0.16 at 
a spatial frequency of 1 cycle-per-degree (cpd). Eighty-five percent of the subjects reported they would choose the same lens and 1 
subject reported they would choose a different IOL if it meant reduced spectacle independence.
Conclusion: The non-diffractive, wavefront-shaping EDOF IOL can be safely implanted in eyes with mild, pre-perimetric open-angle 
glaucoma with favorable uncorrected distance and intermediate visual acuity. The contrast sensitivity measurements were favorable 
and the subjective questionnaire revealed satisfactory spectacle independence and patient satisfaction.
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Introduction
Modern refractive cataract surgery continues to evolve with the continued introduction of newer-generation intraocular 
lens (IOL) options aimed at mitigating spectacle independence.1 The advancements in IOL technology have led to 
improved outcomes and consequently elevated patient expectations.1,2

The advent of minimally invasive glaucoma surgery (MIGS) has led to earlier surgical management of glaucoma in 
patients undergoing cataract surgery.3,4 It has long been thought that patients with glaucoma are not candidates for 
refractive cataract surgery with presbyopia-mitigating IOL options owing to a concern of further decreasing contrast 
sensitivity and compromising visual quality.5 While the early generation multifocal IOLs did appreciably reduce contrast 
sensitivity, novel presbyopia-correcting IOL options have been introduced that offer a more favorable side effect 
profile.6,7

The presbyopia-correcting IOL landscape has grown considerably over the past 5 years with the introduction and 
expansion of bifocal, trifocal, and EDOF technology.2,8 Many of the currently available presbyopia-correcting IOL 
options employ diffractive technology and focus or split light into multiple foci. However, presbyopia-correcting IOL 
options that use diffractive technology to establish multiple foci are associated with photic phenomena such as glare, 

Clinical Ophthalmology 2023:17 861–868                                                                       861
© 2023 Ferguson et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Clinical Ophthalmology                                                                        Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 11 January 2023
Accepted: 8 March 2023
Published: 15 March 2023

C
lin

ic
al

 O
ph

th
al

m
ol

og
y 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-7754-0465
http://orcid.org/0000-0001-8003-2333
http://orcid.org/0000-0002-5468-7405
http://orcid.org/0000-0002-1542-0628
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


halos and a reduction in contrast sensitivity.9 Recently, a new, non-diffractive, wavefront-shaping extended depth-of- 
focus (EDOF) IOL (AcrySof IQ Vivity, DFT015) was introduced. As the first non-diffractive EDOF option, the Vivity 
IOL utilizes novel wavefront-shaping technology using surface transition elements that stretch and shift the wavefront to 
provide a continuous, extended range of vision. Multiple studies have been completed demonstrating favorable visual 
outcomes with this IOL including an increased degree of spectacle independence compared to a monofocal IOL.7,10 

Further, this IOL has been demonstrated to provide favorable mesopic contrast sensitivity and a visual disturbance profile 
comparable to a monofocal IOL.7 Moreover, a recent study comparing the Vivity IOL to a monofocal IOL reported 
favorable long-term outcomes with patients in the Vivity group reporting enhanced spectacle independence out to 3 years 
postoperative.11 Despite the growing evidence supporting its use as a presbyopia-mitigating IOL, no studies have been 
performed evaluating its use in eyes with glaucoma.
This present study aims to evaluate visual outcomes in patients with mild glaucoma and concomitant cataract implanted 
with a presbyopia-mitigating, non-diffractive EDOF IOL (AcrySof IQ Vivity, Alcon). A prospective, single-site, non- 
comparative trial was performed to evaluate visual performance, contrast sensitivity and assess patient-reported 
outcomes.

Methods
This was a prospective, controlled, open-label, interventional study performed at a single site (Sioux Falls, SD). This 
study was reviewed and approved by the University of South Dakota Institutional Board. All participants provided 
written informed consent and the study was conducted in accordance with the tenets of the Declaration of Helsinki. This 
study was funded by an investigator-initiated trial grant and was registered with clinicaltrials.gov (NCT04670575). This 
study enrolled patients from January 2021 to April 2022.

Patients
This study aimed to enroll subjects age ≥45 with previously diagnosed mild stage (pre-perimetric) open-angle glaucoma 
and visually significant cataracts. Disease staging was based on the American Academy of Ophthalmology Preferred 
Practice Pattern guidelines, which states that mild glaucoma is defined as “definite optic disc, RNFL, or macular imaging 
abnormalities consistent with glaucoma and a normal visual field.”12 All patients were implanted with a non-diffractive, 
wavefront-shaping EDOF non-toric or toric IOL (AcrySof IQ Vivity or AcrySof IQ Vivity Toric). A trabecular 
microbypass stent device (iStent inject, Glaukos Corp.) was concomitantly implanted at the time of cataract surgery 
following IOL implantation for additional IOP control in certain cases based on the discretion of the surgeon.
Patients with secondary forms of open-angle glaucoma were excluded. Patients were excluded if they did not have the 
potential for BCDVA of 20/20 or better in each eye based on the investigator’s medical opinion. Patients with prior 
refractive surgery were excluded. Patients with ocular comorbidities other than OAG that could impact the potential 
postoperative BCDVA were also excluded. There was no IOP criterion for determining concomitant implantation of 
trabecular microbypass stent, and the decision was made on an individualized basis at the discretion of the surgeon.
Following screening and informed consent, baseline testing was performed. In addition to a comprehensive anterior and 
dilated fundoscopic exam, adjunct baseline testing included a 24–2 SITA Fast Humphrey Visual Field, OCT retinal nerve 
fiber layer and OCT of the macula. All subjects were set to a refractive target of plano (0.00) in both eyes as calculated by 
Barrett Universal II/Barrett Toric Calculator. ORA (Optiwave Refractive Analysis, Alcon) was used intraoperatively on 
all subjects.

Outcome Measures
Cataract surgery occurred in a unilateral, sequential fashion on different days and was not performed on the same day as 
in immediately sequential bilateral cataract surgery (ISBCS). Following the procedure, patients were treated with 
a combination steroid, antibiotic and non-steroid anti-inflammatory drop once daily in each eye for 4 weeks. 
Following bilateral implantation of the non-diffractive EDOF IOL, data was collected at a 4-month postoperative visit, 
which ranged from 3 to 5 months after surgery. At the postoperative visit, a manifest refraction was obtained. 
Uncorrected and corrected distance visual acuity (UCDVA and CDVA) were obtained on an ETDRS chart at 
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a distance of 20 feet. Uncorrected and corrected intermediate visual acuity were obtained at 66 cm. Uncorrected and 
corrected near visual acuity were obtained at 40 cm. For visual acuity measurements, monocular and binocular 
measurements were obtained and all visual acuity testing occurred in photopic lighting conditions.
Contrast sensitivity measurements were obtained using the Pelli-Robson chart according to what has been described in 
prior studies in mesopic conditions.13,14 Contrast sensitivity was not obtained prior to cataract surgery owing to the 
presence of a cataract impacting baseline measurements. For testing, letters are arranged in triplets, where contrast is 
constant within a group. The last group in which at least 2 of the 3 letters were correctly identified determined the value, 
which was reported in log units. A subjective questionnaire, adapted from the Patient Reported Spectacle Independence 
Questionnaire (PRSIQ), was employed to patient satisfaction and spectacle independence.15

Intraocular Lens
The AcrySof IQ Vivity IOL was FDA approved in 2020 and is a non-diffractive, single-piece, foldable IOL composed of 
a high refractive index, hydrophobic acrylic material. The anterior surface of the IOL employs a novel, wavefront- 
shaping X-WAVE™ technology. The X-Wave technology is incorporated into the central 2.2 mm of the IOL and thus, 
postoperative vision may be influenced by the size of the pupil.16 The IOL also incorporates a negative spherical 
aberration profile to compensate for the cornea’s spherical aberration profile.
The wavefront-shaping X-WAVE technology is designed to stretch and shift the wavefront without splitting light to 
produce an extended, continuous range of vision rather than multiple focal points. The two elements – stretch and shift – 
collectively create an extended region of focus without splitting light. This wavefront-shaping technology and spherical 
optics of the Vivity IOL are thought to minimize optical phenomena with prior studies showing a low incidence of visual 
disturbances.7

Statistical Analysis
All statistical analysis was performed using GraphPad Prism software (Version 9, GraphPad Software, Inc.). Descriptive 
data were recorded as mean ± standard deviation (SD) unless noted otherwise.

Results
Patient Demographics
52 eyes of 26 subjects were successfully enrolled and completed the study. All 52 eyes were implanted with a non- 
diffractive toric or non-toric Vivity EDOF IOL in both eyes. The mean age of the 26 subjects was 69.4 ± 6.6 and 54% 
(n=14) of the subjects were female. Seventy-seven percent (n=20) of the subjects were implanted with a trabecular 
microbypass device at the time of surgery. All subjects had a confirmed diagnosis of mild glaucoma based on testing 
obtained on the day of screening. For visual field testing, the baseline mean deviation value across all 52 eyes was −1.4 ± 
1.9 dB. The mean pattern deviation value was 2.1 ± 1.1 dB. The mean visual field index (VFI) was 97.6 ± 2.4. For IOP, 
the mean baseline IOP amongst all eyes was 18.5 ± 4.6 mmHg. The baseline characteristics are summarized in Table 1.

Refractive and Visual Outcomes
For refractive outcomes, 83% (n=43) had a mean refractive spherical equivalent (MRSE) within ±0.50 D across all 52 
eyes and 96% (n=50) were within ±1.00 D; the overall mean MRSE was −0.27 ± 0.35 D at month 4. The mean binocular 
UDVA was 0.03 ± 0.12 LogMAR with 85% (n=22) of the subjects achieving 20/25 or better UDVA and 65% of the 
subjects achieving 20/20 or better UDVA. Only 1 subject was worse than 20/32 and was 20/40 UCVA owing to residual 
refractive error after surgery. The mean CDVA was −0.06 ± 0.07 LogMAR and 96% (n=25) were 20/20 or better.
For intermediate visual acuity, the mean binocular UIVA was 0.17 ± 0.12 LogMAR with 77% of subjects achieving 20/ 
32 or better UIVA. Forty-six percent (n=12) of the subjects were 20/25 or better. For near visual acuity, the mean 
binocular UNVA was 0.31 ± 0.17 LogMAR. Sixty-five percent (n=17) achieved J3 or better and 46% (n=12) achieved J2 
or better UNVA. The visual and refractive outcomes are summarized in Figures 1 and 2.
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Binocular measures of mesopic contrast sensitivity were obtained with the Pelli-Robson chart. At the 4-month visit, the 
mean binocular CS value was 1.78 ± 0.17. Overall, 92% of the subjects had a mean binocular CS value ≥1.6 and 62% 
had a mean binocular CS value ≥1.8.
The baseline glaucoma testing – VF and OCT optic nerve head – was not repeated at the 4-month visit. The mean IOP at 
that visit was 13.3 ± 2.9, representing a >5 mmHg reduction in IOP from baseline across all eyes.

Subjective Questionnaire
On a scale of 1–5 (1 = very satisfied, 5 = very dissatisfied), subjects reported a mean response of 1.8 ± 1.2 when asked 
about satisfaction with their vision. On a scale of 1–5 (1 = not at all, 5 = extremely), subjects reported a mean response of 
2.6 ± 1.3 when asked about noting glare/halos in dim light situations; 65% of the patients reported not being bothered or 
very little dissatisfaction with glare/halo symptoms. When asked if subjects would choose a different IOL with reduced 
glare and halos if it meant increased reliance on glasses for near/intermediate tasks, only one subject reported that they 

Table 1 Preoperative Characteristics

Parameter

Age, years (Mean, SD) 69.4 ± 6.6

Gender (M/F) 14 F/12 M

Intraocular pressure (IOP)

Mean ± SD 18.5 ± 4.6 mmHg
Range 11–32

Visual Field Parameters
Mean deviation (Mean, SD) −1.4 ± 1.9 dB

Pattern deviation (Mean, SD) 2.1 ± 1.1

Visual field index (Mean, SD) 97.6 ± 2.4

Optic Nerve Head
OCT RNFL thickness (Mean, SD) 82.2 ± 11.3 μm

Abbreviations: OCT, optical coherence tomography; RNFL, retinal 
nerve fiber layer; SD, standard deviation; OAG, open-angle 
glaucoma.

Figure 1 Visual and refractive outcomes are shown above. The percentage of eyes achieving 20/× or better is shown for both corrected and uncorrected distance visual 
acuity on the left. The distribution of postoperative spherical equivalent is shown on the right.
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would choose a different IOL. When asked if subjects would choose the same lens, 85% of the patients reported they 
would choose the same IOL.
Results from the questionnaire evaluating spectacle independence are summarized in Table 2. Regarding reliance on 
glasses, 92% (n=24) of the patients reported never requiring glasses for daytime driving and 92% (n=24) of the subjects 
that drove at night reported never requiring glasses. When asked about intermediate tasks (eg, using the computer), 24% 
(n=6) of the subjects reported frequently or always requiring glasses and 50% (n=13) reported never using glasses for this 
activity. When asked about use of spectacles for mobile phone use, 38% (n=10) of the subjects reported never requiring 
glasses and 38% (n=10) of the subjects also reported frequent or consistent use of glasses with mobile phone use.

Discussion
This prospective, single-arm clinical study evaluated visual outcomes in patients with mild glaucoma bilaterally 
implanted with a non-diffractive EDOF IOL. To our knowledge, this is the first study to evaluate results of the Vivity 

Figure 2 Uncorrected visual acuity outcomes are shown. The percentage of eyes achieving 20/× or better is shown for uncorrected distance, intermediate and near visual acuity.

Table 2 Results from the Subject Questionnaire Evaluating Spectacle Independence at the 4-Month Postoperative Visit 
are Summarized

Spectacle Independence Questionnaire Summary

Question All the Time Frequently Occasionally Never

How often do you wear glasses for daytime driving? 4% (n=1) 0% (n=0) 4% (n=1) 92% (n=24)

How often do you wear glasses for watching the TV? 0% (n=0) 4% (n=1) 4% (n=1) 92% (n=24)

How often do you wear glasses for computer use? 12% (n=3) 12% (n=3) 27% (n=7) 50% (n=13)

How often do you wear glasses for mobile phone use? 23% (n=6) 15% (n=4) 23% (n=6) 38% (n=10)

How often do you wear glasses for reading print smaller 
than a newspaper?

27% (n=7) 23% (n=6) 42% (n=11) 8% (n=2)
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non-diffractive EDOF IOL in eyes with glaucoma. EDOF, or extended range-of-vision (EROV) lenses, represent 
a growing category of IOL technology. While EDOF IOLs do not offer the near vision of a multifocal IOL, the 
purported benefits include a continuous range of vision from distance to intermediate and more favorable visual 
disturbance profile with reduced photic phenomena.1,17 Further, as light is not allocated to a specific focal point but is 
broadened across a continuous range of vision, EDOF IOLs are thought to provide a larger “landing zone” and forgive 
the imperfections associated with IOL power calculations.18 The Vivity EDOF IOL, in particular, has been shown to offer 
a favorable visual disturbance profile with reduced photic phenomena, likely owing to the non-diffractive properties of 
the IOL. A recently published study by Bala et al7 evaluating clinical outcomes with the Vivity IOL in comparison to 
a monofocal IOL (Alcon SN60WF) demonstrated results showing a comparable visual disturbance profile based on 
patient-reported outcomes.
The visual outcomes in this study were favorable and consistent with prior studies7,10 evaluating the Vivity EDOF IOL. 
In the present study, subjects achieved favorable distance and intermediate vision coinciding with reduced spectacle 
dependence. The mean UDVA was 0.03 ± 0.12 (~20/20) with 65% of patients achieving ≥20/20 UDVA and the mean 
UIVA was 0.17 ± 0.13 (~20/30) with 77% of patients achieving 20/32 UIVA or better. These outcomes were reflected in 
the questionnaire with 92% of patients reporting that they never needing glasses for driving and 50% of the patients 
reporting they never required glasses for computer work. At near, the mean UNVA was 0.31 ± 0.17 (~J3 or 20/40) with 
65% of subjects achieving J3 or better. Overall, these outcomes highlight the extended range of vision conferred by the 
Vivity EDOF IOL and demonstrate that patients with mild glaucoma can achieve similar visual outcomes.
It is well established by prior work that patients with glaucoma have a reduction in contrast sensitivity.5 Owing to the 
reduction in contrast sensitivity, presbyopia-mitigating IOL options such as trifocal, bifocal and EDOF IOLs have 
traditionally been avoided in patients with glaucoma. However, many of the current or emerging presbyopia-mitigating 
IOL options employ novel optical technology such as the non-diffractive, wavefront-shaping IOL evaluated in the present 
study, offering an improvement in contrast sensitivity and reduced photic phenomena compared to earlier multifocal IOL 
options.1,2,7 In the present study, the contrast sensitivity results were very encouraging with a mean CS value as measured 
via Pelli-Robson of 1.78 ± 0.17. Although no control group in the present study, the CS results compare favorably to prior 
work in which CS values of monofocal IOLs ranged from 1.6 to 1.7.13,14,19 Further, these results align with prior work 
evaluating the Vivity EDOF IOL in healthy patients and highlight the absence of meaningful CS loss with this IOL.7

The advancements in IOL technology over time have allowed the use of presbyopia-mitigating IOL implantation such as 
EDOF IOLs to evolve and expand beyond eyes without co-existing ocular disease.20,21 This is particularly true for EDOF 
IOLs, which are thought to be more forgiving and are associated with reduced photic phenomena compared to multifocal 
IOLs. A recent paper by Jeon et al22 evaluated the Vivity EDOF IOL in eyes with low-grade epiretinal membrane and 
reported favorable results. In this study, eyes with low-grade ERM and history of Vivity implantation were compared 
with an age-matched group of eyes implanted with the Vivity IOL without ERM. Although a single study with limited 
follow-up, the results were largely similar between the two groups. Given the recent introduction of the Vivity IOL, 
further study is warranted to evaluate whether the IOL would be tolerated in other situations of pre-existing ocular 
disease.
This study is not without limitations. There was no control group. The sample size was relatively small, limiting the 
ability to compare toric versus non-toric IOL outcomes in this study. This study was limited to eyes with mild stage of 
glaucoma, and it remains unclear how this lens would perform in eyes with more advanced stage of disease. Pupillometry 
was not performed in this study and a prior study by Arrigo et al16 reported a correlation between pupil size and photic 
phenomena such as glare and haloes. Some of the eyes were implanted with a trabecular microbypass stent at the time of 
cataract surgery; however, multiple studies23,24 have demonstrated the refractive neutrality of the trabecular microbypass 
stent and this would not be expected to impact visual or refractive outcomes. Finally, the Pelli-Robson chart only 
evaluates the contrast sensitivity score at a spatial frequency of 1 cycle-per-degree. Despite these limitations, this is the 
first study to evaluate the use of the Vivity EDOF IOL in eyes with glaucoma.
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Conclusion
Although compounded contrast sensitivity loss has long been a concern with implanting presbyopia-mitigating IOLs in 
patients with glaucoma, this study supports the use of the Vivity IOL, a presbyopia-mitigating EDOF IOL with novel 
optical properties. The favorable outcomes outlined in this study indicate that patients with mild stage of glaucoma can 
achieve satisfactory visual outcomes with the Vivity non-diffractive, wavefront-shaping EDOF IOL.

Data Sharing Statement
The data set collected and analyzed for this present study is available from the corresponding author per reasonable 
request.
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