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Multifocal and Extended Depth-of-Focus
Intraocular Lenses in 2020

Radhika Rampat, MD," Damien Gatinel, MD, PhD'

Ophthalmic surgeons have been overwhelmed by the influx of multifocal intraocular lens (IOL) options in recent
years, with close to 100 IOLs on the market in 2020. This practical and technical update on a representative group
of established as well as newly launched multifocal IOLs on the market focuses on multifocal I0Ls, including
extended depth-of-focus lenses. We also describe the optical basis of lens platforms used and thorough pre-
operative planning to aid decision making. This allows the surgeon the knowledge base to deliver the required
relative customized spectacle independence with the least photic phenomenon and loss of contrast possible
while achieving high individual patient satisfaction. Data of reviewed IOLs displayed in tabular format include
mean monocular uncorrected distance, intermediate, and near visual acuities (logarithm of the minimum angle of
resolution), with standard deviations and ranges where available. The range of vision targeted, pupil dependence,
toric availability, as well as type of optical platform, are provided as a practical guide to demystify existing ter-
minology on the market that may create interest around a seemingly new design that is actually not novel at all.
Halos and glare experienced, levels of patient satisfaction, and spectacle independence achieved also are
summarized. A wide range of multifocal I0Ls options are available on the market to surgeons. Comprehensive
patient selection and examination, combined with knowledge of the most recent options and adequate patient
counseling, including neuroadaptation, can avoid dissatisfaction. Many recently available I0Ls are awaiting
formal results, but the methods by which we label and compare these types of IOLs must also be

standardized. Ophthalmology 2020;m:1—22 © 2020 by the American Academy of Ophthalmology

Supplemental material available at www.aaojournal.org.
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Intraocular lens (IOL) technology for refractive lens ex-
change, presbyopia, and cataracts has evolved dramatically
in the last 30 years, with high patient expectations not only
for distance vision but also for near as well as intermediate
vision." ~ Various strategies have been used to compensate
for presbyopia, which occurs naturally after cataract
surgery. Because monofocal lenses allow only for best
uncorrected visual acuity at a fixed distance, mini-
monovision has been offered commonly, in which the
dominant eye is targeted for distance vision and the
nondominant eye is aimed for intermediate or near
vision.””” Unfortunately, this approach has inherent limi-
tations, including loss of stereopsis.

The first multifocal lens was implanted by Keates et al'’
in 1986. Although earlier multifocal lens designs included
an inherent optical compromise, such as significantly
reduced contrast sensitivity and severe photic
phenomenon, performance is improving at a fast pace, and
a larger percentage of patients are achieving high
satisfaction and spectacle independence.” Ideally, surgeons
would like to implant an IOL that has the possibility to
change its power or position as a response to the
accommodative mechanism and contraction of the ciliary
muscle. Although so far 12 accommodative IOLs have
been introduced that theoretically can change their power
when the ciliary muscle is activated by the
accommodation reflex, their effectiveness and safety have
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yet to be proven clinically in practice.™'' Presbyopia-
correcting lenses, relying on the principle of simultaneous
vision, have been introduced to provide increased or total
spectacle independence and can be divided into 2 broad
categories: multifocal IOLs and extended depth-of-focus
(EDoF) 10Ls. The American Academy of Ophthalmology
task force has issued a consensus statement that EDoF IOLs
should have an extended far focus area that reaches the in-
termediate distance, providing excellent distance and inter-
mediate vision.'” In cases of bilateral multifocal IOL
implantation, it is possible to combine different types of
IOLs to improve binocular vision and increase the range
of distances, also known as mix-and-match or blended
vision."? Currently, we identified at least 70 multifocal and
EDoF IOLs on the international market, with Figure 1
highlighting some established as well as newer-generation
IOLs representing the different optical platforms available.
Because of the rate of expansion of the market, it is not
possible to include every single lens, but we are able to
cover the most popular as well as upcoming lenses.

We present the most comprehensive and user-friendly
update of multifocal 10Ls, with a focus on the newest
multifocal and EDoF 10Ls, the latter also known as
extended range-of-vision IOLs, including a mention of
those just being released onto the market.'* '® A shift is
currently taking place in the market toward developing
EDoF 10Ls, mainly to differentiate themselves from
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Figure 1. Diagram showing optical principles used to achieve multifocality in intraocular lenses (I10Ls). On the left are the different oprical properties, and
along the top are the oprical principles. FineVision Triumf and Zeiss AT LARA are the only trifocal extended depth-of-focus (EDoF) IOLs on the marker
and straddle the table between EDoF and trifocal. Apodized lenses are marked with an asterisk. We have not included the 1C-8 by Acufocus or the
Crystalens by Bausch & Lomb. Although these are part of the multifocal IOL (MfIOL) market, they are not our focus in this review of the MfIOL and EDoF
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multifocal IOLs, which seem to have developed a stigma
for dysphotopsia and discrete, rather than continuous and
smooth focus. Special attention is given to exploring the
similarities and differences between the design concepts
used for these IOLs, as well as clinical thought processes
and examples to aid decision making. This article also ex-
pands on the study of the optical properties that govern
multifocality and the control of chromatic aberrations in
relation to this, allowing a novice in this field to learn the
basics and the }?ractical applications of this knowledge
simultaneously.'~'*

General Principles: Simultaneous Vision

In an emmetropic eye, monofocal IOLs will form a sharp
image at the retinal plane, providing a detailed and high-
contrast image for distance but a blurred and low-contrast
image for the near and intermediate vision. Simultaneous
vision corrections superimpose a focused image as well as a
defocused image on the retina. This is because multiple foci
are corrected, with some focused for far and others for near.
Therefore, the success of simultaneous vision relies on the
ability of the human brain to select, among the
superimposed images, a primary in-focus image, while
suppressing the blurred out-of-focus image, also known as
neuroadapatation.'””" Multifocal and EDoF IOLs have 2
or more distinct powers within their aperture, whereby

2

both in-focus and out-of-focus images are presented at the
retina simultaneously. The brain must interpret the sharp
component, providing suitable vision for the distance of
interest, while filtering out the blurred component. This
ability to suppress varies among individuals,”" where failure
to do so can generate large amounts of blur and can reduce
the contrast sensitivity.

Optical Design and Properties of Multifocal
and Extended Depth-of-Focus Intraocular
Lenses

Two optical phenomena can be exploited to create
multifocal optics: refraction and diffraction.

Refractive Intraocular Lenses

Pure refractive lenses can be zonal, aspheric, or both.
Zonal Refractive Lenses. Zonal refractive lenses have
distinct regions or zones that refract light differently, with
refraction solely determining the way the light rays bend in
these large zones. The optical power is dependent on the
local surface curvature, with regions of differing curvatures
achieving different powers within the lens. To avoid stray
light effects, the transition between these regions is blended.
The design of the blend zone can be achieved by introducing
regions of intermediate power, where multiple annular



Rampat and Gatinel + Multifocal and EDoF IOLs in 2020

(panunuo)))

[T+
SYOSH o1jdsoe N ¢et
$3[nsa1 Ed_om ‘[duneny orqoydorpdy Juapuadap idng DALIORIDI
youaq [eondo SUOSH ‘pazipode [o1sdy g QALDRIHIP
Buistuol 6107 ojdeL -y y] fvard-1 D [/ T 0d JunHL oy Jedd 10
s1ydorpdy
(60°0) 8070 (07) ‘rowidjodoon
(€10) £€°0 (80 (90°0) $0°0 21’8107 ‘e 3@ mnaeg  ouaydse sjqnop Juapuadap qidng N ST+
YstH - MO[ ¢/OT1 (#9°0 01 81°0—) (T0 (87) %3AU001q ‘paseq YPpIW IS QAR
YB3y Y3IH A0T 01 10=) $1°0 c00— 01 80°0—) £1°0 (16107 ‘e 39 1D -uoneiRqe ‘0a1d-1 () Apeat 34U [B205q Joad +d
(77) 57107 ‘e W@ 1D
(07)
N +'9¢ 0107 T8 3 19 dBLINS
N/ oot L'v6 MO T'81/7°81 9701 810 v00 1 (09) aasssazdond Teuoz
06 oL 20| 81/6¢ 100 9¢°0 9070 2007 B 39 WD) 2andelRI 0MIue Juapuadsp qidng N ¢ ¢+
0L Sedepoly 0] F1/87 L0 (AR 000 (87) ‘X2AUOIq noqqy Ajsnotaaid SATIORIRL
— ysiyg PO ¢70 40 100 L1007 ‘e 30 asodag ‘onfaoe ‘9oard-¢ [ ‘woozay e2051q Jo(Jq g
wijodod
AeWsoIpAy
Ioudisod uaydse
(17) 41107 ‘B2 0y ‘X2AU0d1q O1jd1e Juapuadapur idng
1qdorphy (L) N§T+
- Y3H 07 (#1°0) #70 (£1°0) 120 (+7T0) 120 (bF) 10T ‘learnauwise SAUAOMI0 ‘G aanoeya1
- YarH O[> &0 (€1°0) €60 (ST°0) 120 (10) L0°O ‘T 32 siprddnounop ‘a0a1d-1 HOJWOD) SLINAT 820519 d°dd At
J0BJNS
Juaydse horu.%:m
(10) 0 $I[Nsar XaAU0Iq O1[A10R
syynsar siynsar 03 Juareamnby Areuruppaid poony ‘o1qoydorpdy a8uer snoopp ¢ 1+
Areururyaid Areurwyaid (€1°0) (9%) S¥YDSsH ‘sdun Juapuadap 1dng SATIIRIRI
Ysr ysiHg M07 poon) poon) [6°0 Sjewioa(] + 6107 1steg moym ‘Poard-1 [ [ 00gD] SoueHAY Jedojouow Jo(Iq 14
ASojouypay
[ed0j081 D1jA1y Juspuadopur [1dng  d5ueL sNd0Pp Q0 1+
YOS m_mLON o1qoydarpdy 10184y DALIORII
— — — — — — ‘e 32 SmqereD-oeqg Ouaydse ‘9oa1d-1 410 ¢'7°1 aandos] Jed0joucw JoIq v
J98qns SUD[ [ed0jououL
2N (87) S¥OSH AMOINS
6107 ‘e 19 ezl uo paseq ‘Surdeys
[euonewIaIul BIUITERNCINY u:u@:ugu_q:_ :Q:Q 28uel SN20Jp
— — MO[/MO] SLT0d $60°0 1d €000—1d (9¢1) SYOsd ‘aandep (L) ooy €0+ dandelal
- —  MO[MO] 7/6T wrod 900 1d €100 16107 ‘so[edog -uou ‘a0a1d- '€1014Q Anatp [Ea0jouoW JO(JH |24
(%) @213 paysneg (a19ereay AN 2DIpULAIU] 0uvIsic] (sP4q Jo "ON]) Tedx Jeriarey [PPO 0 Ajrweg () 28uey *ON
apoe10adg 11 %) pa12aunou) p#22L103U) PpA192.0109U pue (s)zoyiny Apmg suda Jepnooenuy pa1dadxg pue sse;y Moy
dae[O/o[eH (oBuey

‘UONEBIAD(] PJBPUEBLS) UBDJN ‘ANINOY [ensip

e1R(]

PRILASIL T TUBAS[IY 10 PAYSIAN,] YIM SaSUT $N0{-JO-pda(] papuaIXy PUE [ES0JLI] UO SN0, B YALM ‘$9SUD7 IR[NO0RIU] [BD0JI[NA Paydune ] AJuaday] pue pasp) Apuanbary -1 a[qe



Ophthalmology  Volume w, Number m, Month 2020

s1qoydorpiy

Juspuadapur 1dng

[eprosnuls (1) yoro1g 161+
(08) ,,9107 ‘pazipode ASA ‘11904 N GE+
Ysr ysiHg 07 (Z1°0) <10 (11°0) 800 (80°0) +0'0— ‘[e 39 JBdY UnIO]  -TWos 9A1E ‘9091d-| “H ] [O1AY] BALIDY QALIDBYJIP [BI0JLI ], 1a
Juapuadap idng
o1qoydorpiy Ad N SLT+
M0] (79) Aiydorpiy o21ydQ ‘0v 0.6 |B1101038
— YSIH /Moy g9/ (S00) 00 (90°0) 61°0 (+00) €00 0707 ‘e 12 ofoy ‘puqdy poad-1  ordodgsaid uoziaig aamdELRI[RIONG O
: pazipode
‘“ouaydse- touo1ue
‘Aaaydiad
- DAIDRIJAI N ¢'¢+ 28uel
‘enuad - Juapuadap idng SNOOppP O ¢+
JATRIYIP O1JA1OR (L) JATIORIAI
(8%) ‘9015 Furusi[s Ny sondouewny DALORIHIP
916 Y81H 40T (60°0) 00°0 (€1°0) 900 (€0°0) 000 F107 e xeq  ‘onmydorpiy ‘aoatd- Y- BARDRIFI [oRq Joad 90
6107 SYOsH
“{67) L2e26107 ‘megy XIAUODI] ‘O1jdIdER Juspuadapur 1dng a8ue1 SN20PP ¢+
— Yty #Mo] — 910 d €ro 6107 'SYOSH ‘d1qoydorpiy umues 4oy QANSRLIP
YSIH YSH a0 €0 Ltrow 600 ‘(e7) (6107 g ‘0a1d- -ouow pH 19eY [eaojouow Joqg €O
Auopuig
$189) SIUD9 | + [ed0JIq auel sndojep ¢+
Youaq pajenuis IStele JO uoneulquod Juapuadapur [idng QALDRIYIP
Surstwon] mm.oﬁON ‘seaoue])  ASojouyoay ‘ooatd-1 [ [ ‘007 ABouAg 1820519 Jo(1q 0
(07) ;T8 %
mﬁON hur_uLUCU
(001) 8107 ‘Mpued
(05)
(81°0) 70 o1 T8 32 9107 11301p3]
(L10) €0 (o)1 (98) uisep ams[eY2a
%06< YSIH Yy Yol> MO (6070) T1°0 (11°0) ¥7°0 (60°0) mo 0 o118 39 8107 411e50H] “1qoydorpdy
Y31y YstH Mo (11°0) L7°0 (11°0) 810 (Z1°0) 800 (0€) ,8107 °eid “orjdaoe
YSIH YsiH 407 (z10) 87°0 (800) 100 (11°0) ¥0°0 (729) ‘Snewonye
YSIH YsIH #o] (#1°0) 0€°0 (101 (600) #0'0— 579107 dno1y Iousod uapuadap qidng  aBuer snoojep ¢'1+
YSIH Ys1IH MOT (80O 10— £0—91'0)  (8F0 ™ ¢0— Apmag omsduo) ‘onaydse 1otm1ue 1) [ [00uxz dARELIP
ysiy USiH MOT ‘L1061 0l 1o 1°0) €00 'd pue 12Uy xoauoolq ‘9o91d-1 AUOjwAg studo (20519 AOYH [50)
uSIsap a2
‘ooepns oiqoyd
[oiydorpiy Juapuadap idng d8uel SNOPP ¢ 1+
(91°0) (11°0) (27) dN/N6T6 (L) 5197 DALORHHP
— YSiH M0 0 10D €10 HoD (11°0) +0°0 <8107 ‘Te @ 201y ‘AN6T8 VIVT LV [eopn Jodd 70
(%) @913 paysneg (a1qereay ADAN] ADIPAULIIUT 0uvIsic] (S9AH Jo *ON]) Tedx el [9POIN 10 AJrureg () dBuey *ON
u_uﬁuunw 1 o\uv pardaLiodu) P21224100UN) Pa1224L00UN pue nmv.—oﬁ_;/w Zxdm SU9T Je[ndoeiuf _uuuuunum pue sse| MOY
dae[D/o[eH
(98uey

‘uoneIA(] piepuRIg) UBIJ ‘ANNOY [ensip

(‘panunuoD)) ‘1 qqeL



Rampat and Gatinel + Multifocal and EDoF IOLs in 2020

(panunuo)))

(0€) 6107

ouaydse ‘aoepins
orqoydorpAy s

Juapuadap idng
PaN JuBa[RA

[0S T+
N OO ¢+

— €96 YIH BIIPON ($1°0) +7°0 (11°0) 61°0 (11°0) 700 ‘e 12 2apuewdg  oyydorpdy ‘adard- *d¢ AN OHESIDA SANDBIIIP [BI0JLL], 9a
(snong)
(€D) ,,'¥107
‘Ie 12 ssumuy Juspuadapur
(snong) (08) [rdnd Appaneany
aerapow (L10— :miom ‘1e 39 1ud A UOISIIA
9¢/ct wo 0'60'0) 800 (snoIng) snans 46027101
- YydtH - (¢po - (€0 (6) 2,110 [B20J11 X9[JO3[Ng [6LT+
- — — 10— 'S0 610 - 01 10— ‘T'0) 100 geseaynjy pur ueyy (1) N G¢+
— sty alezspout 0 — 10 (07) 14,6107 orjdaoe 1sudey ‘A¢090VY auOiey
yAIH YAH 09/09  (£€1°0)$00  (01°0) 90°0 (11°0) €00 oxaqry pue wauag - olydoipiy ‘da1d-1 [EO0J10 SUQARY  dARGRILIP [EOOJL ¢
(07) ;6107
(11°0) 6070 ‘o11q Iy pue BIR1IR | 9913 Surusis
(z1°0) 500 (zo (800) 00 (s0) “tonagsod
Jm_I LM_I M0] _m._s\_mm AN,O o) 01 Q10— :‘O Q¢Q~ON “—w 12 ;.nwnz uiwr_amm ‘1o119IUR u:uﬁ:uau—u :&:L
001 YitH — 010 ‘800900 ‘60°0) ¥0'0 ©1 70— “L0°0) 00°0 (97) X9AUODI DIAIoE (1)
- yat - (Z10) 11°0 (#0°0) 91°0 (100) 000 o T8 3R 6107 safedog  “onrydoapdy ‘adatd- Jo1s&yq ‘40 [+ pod SANDRIPIP [EO0JLL ],
(0g)
T.mmﬁoN ‘[e 32 preddoyg
uonoegsies (861) ,;0cb107
r_mﬁ,z ._m 19 12U
— uondegsies YAIH - (10°0) 80°0 (600) 61°0 (0£)
N 08 (#0°0) 00°0 — (90°0) 100 <9107 “Puaype)y
1/a 96 YitH 0 (100) 100 (L0 €0~ (80°0) 80°0 (708S) ,L107
- ystH (4 1>) 16y (01— ‘€10)100— (7800 ‘e 12 Binge[eD-ouqqig
N6  UH €6 8¢/Z6 00000100800 (0 01'0— ‘80°0) 90°0 (+7) 1ou2350d
1/a 86 7896 a7 (F'0— 01 01°0— (65°0— L8107 ‘T8 32 BIRANO suaydse ‘oua1ue (1) yuspuadap qidng [SLT1+
- L'l6  Mo[ (314 ¢) ¢9 00'¢1'0) LT0 '60°0)61°0 00°0 61°0) 61°0 (02); X2au001q O1jd10e [orsiyg N §¢+
06 06 MOp > (z0) 70 (€1°0) 70 (1z0) 10 8107 ‘e W wuayse)  dnryderpiy ‘eo9rd-1 '] OIMN UOISIAUL] SARSBLJIP [BO0JLL], ¢
(ST) (€107
‘112113, pue sanbrejy
(807) ;. Te»®
9107 AMIIPUIN
(L00) 720 (60°0) ¥1°0 (z1°0) 800 (oom)
001 (P1°0) ST°0M  (ST°0) 010 (600) €00'd 19107 ‘e 1 2321y
06< YsiH MOT (£0—107) 900 (0€0 (€001 10—) 900 ()
YSIH 06 20[ g8 (#1°0) S0 ©010-) 600 (ST°0) €10 0c6107 ‘&3 que], (ooepns
N €L Yy Mo (zo— (61°0) 520 (c10— (€€) a1qoydorpiy)
I/ae19L YstH JRIPOW 0 $E0°0) £71°0 - 0 ‘L€0°0) 7200 626107 ‘e 3 ong Mrydorpdy Juapuadaput [idng
— —  671d Ly OuoW (9L0— (9003 €0—  (0L0 O CT0— (787%) 41107 (L) ss17 19971+ N e¢'e+
86 86 M07 0 °01°0) 200 L10) 0 ‘80°0)F0°0 I8 32 Binqe[ed-oed[ig I 'dNGE8 ML VSITLY  2amdeyyp [wojul 7
(%) @913 paysneg (a1qereay ADAN] ADIPAULIIUT 0uvIsic] (S9AH Jo *ON]) Tedx el [9POIN 10 AJrureg () dBuey *ON
u_uﬁuunw 1 o\uv pardaLiodu) P21224100UN) Pa1224L00UN pue nmv.—oﬁ_;/w Zxdm SU9T Je[ndoeiuf _uuuuunum pue sse| MOY
dae[D/o[eH (oBuey

‘uoneIA(] piepuRIg) UBIJ ‘ANNOY [ensip

(‘panunuoD)) ‘1 qqeL



Ophthalmology  Volume w, Number m, Month 2020

wijodod

(0z1) ‘arejdoe
(Lo— (b7 0— 09107 ‘T8 19 A[2INOW IrewIsoIpiy
+0— T071°0) 80 70 ‘L0°0) L0701 (949 Jerviejenuod ‘ronisod ouaydse Juapuadapur [idng
Y81y €6 ysiy M7 Q11°0) 210 (or°0) (97°0 9 97°0— ut g-01) ‘Xaau021q (1) snuaiomag N 007+
sy Y3 M0T  (80°0) 110 1d 000 €10)100 (€1),,6107 ‘e 32 uog o114 9oa1d- OZAW snjd-y aamdeyal [e0 97
(07)
— 0 — (z°0) 810 56007 ‘I8 12 welsy Jrjd1oe Juapuadap 1dng
N 0L — #07] (#0-1°0 (€0-T10 (¢0— (z€) ,.0107 ‘orydorpy (1) N 00'¢+
adoe YSIH 40T 11°0) 870 ‘€00) €10 00 '60°0) 60°0 eIsTINeE pue 0331 Oudydse 9ard-1  1uley] JO£9 XN samdRlRI B0 ¢
(L0°0) J1AI0R DAndRIPIP Juopuadapur idng
(<€ 1) (80°0) 110 70 VAIOQ (0¢) ‘pazipode IMuOdIpay N G¢+
— — 97 MEWPO  YAND(J 10D 10Dy (60°0) €00 @m,_m 19 e[[ag-eroen) 9A18821801] AINLLY W x914-1g AANDBIJIP [eO0J1g +q
0047 (£41)
mpm:uN JN 19 muw._M hgpuu_mcg
L'b8 Yty v1Tfeee (87°0) €10 (81°0) 120 (81°0) 710 (+7) SALIRIYIP
YSIH - YA 76 0¢/L9 (z00) 7000 (€00)L0°0 ' (60°0) 11°0 9107 “Puapoe] - 1ouue duaydse uspuadapur rdng N 00°F+ ‘00dINZ
9L YsiH Frclety  (SL0°0) €10 (€80°0) 810 (890°0) 900  (17) COAWZ “(17) ‘xaau001q ‘OljA158 [=( N §7'¢+ ‘00d1Z
Les Ys1iH gLpfeee  (SL000) #1°0 (RLOO) FI°0 (THO'0) S#O'0  001Z '(€7) 004Z “rqoydorpdy - ‘00d1Z/( L) 00ANZ N €L'Z+ ‘0042
L8 st vepl'ee (L0210 (L90°0) §T0  (950°0) L00 L'STOT I8 32 Wiy ‘a0a1d- [009MZ s L SARDBRIJIP [E20)I] ¢F
Towidjodoo
‘arjdie
(8%) (€107 a1prydorpiy (IVINBO €0<) 1
(Z1°0) 600 - (L00°0) 700 I® 3 USpUIT 1op uEA ‘2an108IIP N 00e+
USIH 96 Y3tH M0[ 71 (90— (90-10 (€6'0— (07) ‘pazipode uspuadap [1dng 2an2EIIP
YBIH YSTH MOT 0'61'Q) ¥T0  ‘CI'0) LTO 000 ‘07'0) TT0 £¢'€10T ‘I8 12 91 Onaydse ‘20a1d- ENUBH] ‘SUa2g -RAmRgRI RN 7d
ouaydse
EAVINS
CAVINS (+7) ‘[eattayyds (I'N) ¢+
;O] (107 ‘[e 3 Buep €COONS Juapuadap [rdng 0LSTAS
fevesspout (60°0) $7°0 £AOINS (€£7) ‘sppe Buidrea uodY  (N) 00"+ TCAOINS
) YstH L1/ee (L0°0) 010 7200 (Z1°0) 81°0 00107 ‘[e 3 osuoyyy  ‘pazipode rjdie (L) 0LSTAS  (N) 00'#+ €AVINS
N 00T ‘196 YsH - (L0°0) 560 (0£00) 700 £C0INS (£€¢) ‘aqoydorpiy (1) € TA09INS 2AnRYIP
— L96YSIH - mojferepopy  (010°0) L6500 9¢¢01d (8€0°0) 7Z1°0 2007 ‘B 3 osuopy ‘[eoopiq fada1d-1 CAVINS MOLSMN -RALIRYRI (R0 &
(07) (8107
‘Ie 32 1UIYI0)) Jrjdioe
YStH (Z9) o, 8107 ‘B2 9 ‘a1qoydorpdy
YstH yary Mo (110) 70 (71°0) €0 (91°0) 10 (07) ‘auoz wu ¢y 03 1L1T+
Y81y c6  fPreIdpojy 21RIIPORY (60°0) 91°0 (€1°0) 710 (1°0) L00 ‘,,8107 ‘e 3 wyog 121n0 2A10RYR] dn quspuadaput qrdng NS¢t
N 06 Yy MO (T11°0) 900 (ST1°0) 800 (LT1°0) 00 (o%) feanoeigip (1) uodry LandeIIp
001/A 06 UStH M0[ ¢ (90°0) 700 (L00) €70 (+0°0) 00°0 ol 107 ‘e 30 odRUON Ouaydse ‘ooord-1  “xndoueg O3] Joghoy [ERVER IR SR TS INY 1a
(%) @913 paysneg (a1qereay ADAN] ADIPAULIIUT 0uvIsic] (S9AH Jo *ON]) Tedx el [9POIN 10 AJrureg () dBuey *ON
u_uﬁuunw 1 o\uv pardaLiodu) P21224100UN) Pa1224L00UN pue nmv.—oﬁ_;/w Zxdm SU9T Je[ndoeiuf _uuuuunum pue sse| MOY
are[o/orey (aBury

‘uoneIA(] piepuRIg) UBIJ ‘ANNOY [ensip

(‘panunuoD)) ‘1 qqeL



Spectacle
Free (%)
90 high

Satisfied

High
High
High

Halo/Glare
(% If
Available)

Low

Low

Low

—0.3)
to 0.4)

Near
0.18 (0.16)

Uncorrected
0.21 (0.10, 0

Range)
Uncorrected
—0.52)
—0.22 t0 0.10) 0.36 (0.07, 0.2 0.11(0.11, —0.1
—0.5)

Intermediate
—0.04 (0.14)

0.14 (0.11, 0—-0.3) 0.2 (0.13,0
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—0.08 (0.08,
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- £2 regions of differing power can be created. The ReZoom IOL
P g £ (see Table 1, row B3) and its predecessor, the Array 10L
5 —;_é (Johnson & Johnson, previously Abbott Medical Optics),
T 2% Santa Ana, CA), are examples of zonal concentric
. . 2 .
5°g refractive multifocal IOLs.”'*” The M-flex refractive IOLs
,‘j 5 (Rayner, Sussex, United Kingdom; see Table 1, row E5)
& “5_’5 use alternate concentric areas of varying power to provide
T gl bifocality. Wavefront analysis and vergence maps can
;’5 highlight the rapid changes of local power achieved
g ;‘. throughout the pupil area (Fig 2). These regions do not
z é need to be concentric disc portions: some designs include
5 g wedged regions, as with the Lentis Mplus IOL (chlentis
3 < % GmbH, Berlin, Germany; see Table 1, row E6).”" These
Z optical systems are dependent on pupil dynamics and
= a— sensitive to postoperative decentration, as well as the risk
= =8 of causing photic phenomenon such as halos and glare.
— == . .. -
= g g Reducing the power of the addition enables the conception
= 2 of zonal refractive EDoF lenses such as the Lentis
Z f‘n Comfort (Oculentis GmbH; see Table 1, row B2), which
-~ s is designed to allow for activities further away than the
= 8 . B 24
pa Ty B reading distance.
= g2¢ = . . . .
et £ 5 3 Aspheric Lenses. Instead of correcting the spherical
< £ U%D = aberration, an aspherical surface can be used to produce a
Bo & focus zone with low change in intensity and spot size. In this
2 = . .. ..
= - context, the modulation of the asphericity of the lens optic is
= 5< 8 designed to increase the depth of focus. This can be
= ?; 5 achieved by increasing the negative asphericity of the
5 £ ¢ anterior or posterior surface of the IOL, generating a more
’ﬁ £ 5 negative spherical aberration as a result of the progressive
o <5 E shift in the local power from far to intermediate distance
= 25 % (Fig 3). Spherical aberration is a variation in focus position
s F E g between rays as they move away from the optical axis.
j:_g 52 "% When negative, incoming parallel rays will focus further
p42) %5 o away as they are located away from the optical axis.
o =5 © - . . .
5 g = Because of their smooth and continuous surface, aspheric
Z 3 e & N e
5 A enses can exten e zone of focus within a range
ST ag = 1 tend th f f th g
g g ica etween | and 1.5 diopters . To be valuable
B 5 typically bet 1 and 1.5 diopt D). To be valuabl
fjg = for clinical application, the design of the lens should be
g RO robust to differing corneal asphericity and polychromatic
L gh s light
E= 2 5 © ghnt.
Efé« £333 . Extended depth-of-focus refractive lenses, such as the
g g2z P
L_E e = & '3 = 3 recently introduced Isopure (PhysIOL, Liege, Belgium; see
E“’: £ E’TE Table 1, row A2) and Tecnis Eyhance (Johnson & Johnson,
£ @E Z New Brunswick, NJ), use an aspheric design to increase
g B % E? negative aberration and achieveqlarger depth of focus
E . g g 15z compared with a monofocal lens.”” They aim to provide
z25 g | E? patients with high-quality vision at far distances and
o & = | . £ . .. . . . .
= § sl geo improved vision at the intermediate distance. The optical
- 3 =
pag L;_E = g g design of such a lens requires the developer to take many
NE =@ E2E variables into account, including the refractive index and
ZE I g
v A~ E é};’ i g base power. Complex Polynomial dgsign parameters are
) ﬁ i used to design the anterior and posterior surfaces.
) ERTaE R It must be understood that aspheric EDoF lenses use
3 = Beegr asphericity primarily to increase the depth of focus as
£ ek g mentioned here previously. Other IOLs that have an
=z gZ st aspheric design are made to compensate the corneal
g £ S . R,
g2 = ~z= asphericity, which, in fact, reduces the eye’s depth of focus
m + Zveg o . . .
ENZZE because the total spherical aberration of the eye is reduced
1’z £>.8 comparatively. Extended depth-of-focus IOLs based on
i EREZE asphericity have a more negative asphericity than that
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VERGENCE MAP IN DIOPTERS

0.03@ 90

Slit lamp photograph

Automated Skiascopy

Figure 2. Slit-lamp images (left) and a vergence map (middle) obtained with automated skiascopy (OPD scan 11I; Nidek, Gamagori, Japan) after im-
plantation of a bifocal refractive intraocular lens (IOL; M-flex [Rayner, Sussex, United Kingdom]; right). The refractive zones provide different powers that
are responsible for the induced multifocality within the analyzed pupil area.

Increased negative
asphericity

Depth of Focus (DoF)

Figure 3. Diagram showing how increasing the negative asphericity of the anterior surface of an intraocular lens (IOL; outlined in red) free of aberrations
while keeping irs apical (paraxial) curvature constant will affect the refraction of the peripheral rays, which will be refracted further away from rhe paraxial
focus as their angle of incidence is reduced because of the progressive surface flattening. This provides an extension of the focus zone at the expense of a

reduction in the contrast of the image as a result of the effect of the defocused rays. This reduction can be minimized by limiting the depth of focus from
distance to intermediate range of vision.
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Phase shift

Optical path

1 Wavelength

A (design wavelength)

Figure 4. Schematic example in which the phase shift induced by a diffractive step is equal to 27 for the considered wavelength (optical path difference
equals 1 wavelength). The maximum constructive interference at the output of the diffractive grating theoretically causes the deflection of the incident

wavefront toward a single focus (diffraction order 1). For shorter wavelengrhs crossing the same diffractive steps, the phase shift would be longer than 27,
and this would generate the apparition of an additional foci corresponding to the second order of diffraction. The focal length of this second order of
diffraction would be equal to half of the first-order foci focal length for that wavelength (the power/vergence would be double). For longer wavelengths, the

phase shift would be shorter than 27, and this would cause the diffraction of some of this incident light energy in the Oth order of diffraction.

needed to compensate (partly or fully) for the corneal
spherical aberration.

Diffractive Intraocular Lenses

Diffractive IOLs use the optical phenomenon of diffraction
to create multifocality. These optics often are misunderstood
because they move away from the geometrical concept of
light rays bending at the surface of the lens. These lenses
take advantage of the wave nature of light. They create
regions of constructive interference for the light waves
propagating to the retina by selectively delaying the optical
path (altering the phase relationships between the incoming
light waves) in selected areas (Fig 4).

In diffractive IOLs, concentric annular zones are created
on the anterior or posterior surface of the lens to constitute an
asymmetrical zone plate, also called a diffractive kinoform.”®
As a gross approximation, the profile of the kinoform
resembles an asymmetric saw-tooth profile. In practice, the
height of these steps is just a few micrometers. This is
somewhat expected because this scale is of the same order
compared with that of the wavelength of the incoming light

within aqueous humor or lens material. Abrupt steps occur at
the junction of each zone, and the spacing between the zones
becomes progressively smaller from the center of the lens to
its edge. The amount of light energy distributed on each
focus is fully dependent on the diffractive structure of the
IOL and the maximum height of the steps, the wavelength
used, and the variation of the refractive index between the
IOL material and its surrounding medium (Fig 5).

It is important to consider diffractive IOLs as the
combination of a monofocal or toric base, which provides
all or most of the refractive power of the implant, with a
diffractive element, which enables the splitting of the
incoming light into various foci: 2 main foci for bifocal
IOLs and 3 for trifocal IOLs (Fig 6). Because of their
discrete and repetitive structure, the diffractive elements
create a finite number of noncontiguous focal points for
the same incident light wavelength.

Another interesting property of diffractive elements is
their wavelength dependence. They are designed to provide
the desired multifocality for wavelengths located at the peak
of retinal sensitivity (approximately 555 nm). However, in
natural environments, light sources are polychromatic, and
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Oth order

1st order
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Figure 5. Schematic example showing diffraction by a diffractive element
(kinoform). When the phase change is inferior to 27 for the considered
wavelength in the surrounding medium, diffraction occurs in the Oth, first,
and higher orders of diffraction (not shown here). The focusing distance of
the wavefront corresponding to the first-order diffraction is a function of
the width of the diffractive steps. For the second-order diffraction, the
focusing distance is half of that of the first-order diffraction, and for the
third-order diffraction, it is half of that of the second-order diffraction, and
so forth.

specific chromatic effects are induced by diffractive IOLs, at
least for some of the additional foci. Chromatic aberrations
result from the failure of a lens to focus all colors to the same
point. This dispersion is caused by variation of the refractive
index of the lens elements with the wavelength of light: the
refractive index of most transparent materials decreases with
increasing wavelength. Because the focal length of a lens
depends on the refractive index, this variation in refractive
index affects focusing. However, the chromatic aberration of
diffractive elements is of an opposite sign to that of refractive
elements. In a diffractive driven focusing process, longer
(red) wavelengths will be focused before shorter (blue)
wavelengths (Fig 7). This property enables the compensation
of the refractive chromatism in a hybrid refractive (carrier)—

DIFFRACTIVE OPTIC OF IOL

MONOFOCAL OPTIC

diffractive IOL, at least for some its foci (Fig 8). The surface
topographic features of a diffractive IOL can be measured to
characterize their profiles, which have a strong impact on
their optical properties. To understand further the basic
concepts leading to the design of diffractive optics, one
may start with the description of the basic properties of
bifocal diffractive 10Ls.

Bifocal Diffractive Intraocular Lenses. For a bifocal
design, the radial distance of the nth zone occurs at R,, = (nL
Ao F)"°, where A, is the design wavelength (e.g., 555 nm),
and F is the focal length (e.g., 0.25 m) of the corresponding
add power 1/ F (e.g., +4 D).

The dimensions of the zones result in important optical
properties, specifically for the design wavelength. Their
width relates to the focal length of the add power: the higher
the add (shorter focal length), the narrower the zones. For
the same diameter, lenses with higher add power have more
zones than those with lower add power. The height of the
step at the boundary of each zone (grating amplitude)
determines the split of light into the addition(s) via the
induction of a phase delay.

A smaller percentage of the incoming light is diffracted into
higher orders of diffraction (i.e., second, third) that have double
and triple power values in comparison with the first-order add
power, respectively. The diffractive efficiency describes the
percentage of light going into each diffraction order.

A diffractive bifocal 10L, such as the Tecnis ZM900
(Johnson & Johnson) can be perceived as the hybridization of
a monofocal carrier optic of 420 D with a diffractive bifocal
element of 43.50 D of addition.”” The height of the steps can
be adjusted so that approximately 40% of the incoming light
energy is directed into the Oth order (distance vision) and
40% into the first order (near addition). In such a design,
approximately 5% of the incoming light is diffracted into
the second order of diffraction at a foci of power 2 x 4 =
8 D. Hence, diffractive bifocal IOLs split light into more

DIFFRACTIVE ELEMENT

IRNNANN AT

Figure 6. Schematic depiction of the anatomic features of a diffractive multifocal intraocular lens (IOL). The monofocal optic, which can be toric for

astigmatism correction, is combined with a diffractive element, which can be added on the anterior or posterior surface of the optic. The light generated to

multiple foci created by the diffractive element results from the combination of the monofocal carrier base power and the power addition(s) of the diffractive

element.
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'‘Blue light 1st order : longer FL

»,
\
v

o

Green light: design wavelength

1st order : shorter FL

OPD > 1 WAVELENGTH

Figure 7. Schematic depiction of diffraction by a diffractive element designed to cancel the Oth order of diffraction (the maximal optical path differences
[OPD] introduced by the diffractive steps is superior to 1 wavelength, shifting the phase of incoming wavefront portion by more than 27t). This introduces

diffractive chromatism for each of the created foci, which may be used to reduce the inherent refractive chromatism of the monofocal carrier component.

FL = focal length.

than 2 foci; however, they are designed so that the 2 visually
useful foci (far and reading distance) receive most of the light
energy. The Acri LISA IOL (Carl Zeiss Meditec AG, Jena,
Germany) is designed to distribute twice the energy into
the Oth order, as it does into the first order, to favor far vision.

The height of the steps can be reduced from the center of
the optic to its periphery. This gradual decrease is called
apodization (Fig 1, asterisk). It occurs within the diffractive
structure of the ReSTOR IOL (Alcon Laboratories, Fort
Worth, TX; see Table 1, row El).i27 These lenses have a
diffractive bifocal structure covering their central 3 mm and
are purely refractive in their periphery (distance vision).
With such a design, although the net energy sent to the
near and distance foci is nearly equal for small pupils, it is
systematically shifted to a distance bias for larger pupil
diameters. This characteristic helps to dampen stray light
and halo effects for large pupils. Although apodization is
beneficial for large pupils, with smaller or nonreactive
pupils merely receiving the split light intended for distance
vision, it is not an exclusion criterion necessarily.”*

The chromatic aberration at this focus is influenced by
the diffractive nature of the light-focusing mechanism. The
properties described here previously may give clinicians a
solid foundation to understand the design features of some
newer EDoF and trifocal IOLs.

Extended Depth-of-Focus Diffractive Intraocular
Lenses. Although the power description of diffractive IOLs
suggests maximum visual performance for distances corre-
sponding to their distance and power addition, a gradual
change occurs around these performance peaks. The Symf-
ony IOL (Johnson & Johnson; see Table 1, row E3) can be
described as a bifocal diffractive IOL with an add power
of +1.75 D.” It consequently incurs a reduced number of
diffractive zones (called echelettes by the manufacturer).
The increased proximity between the main foci result in a
steady optical performance, at least for small pupil
apertures (Fig 9). This results in an EDoF from far- to
intermediate-vision distances. Another interesting feature of
the Symfony design results from the diffractive regimen that
is achieved mainly using first- (far) and second- (intermedi-
ate) diffraction orders. This characteristic is obtained by
increasing the height of the diffractive steps to introduce a
phase delay longer than that corresponding to the design
wavelength (277), generating the amount of diffractive chro-
matism needed to balance the average corneal chromatism.

Trifocal Diffractive Intraocular Lenses. The first
trifocal diffractive IOL, the FineVision lens (Physiol, Liege,
Belgium; Table, 1, D3) was released in 2010.7" Its optical
design resulted from the combination of 2 bifocal
diffractive elements (Fig 10). The first diffractive element
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Figure 8. Schemaric depiction of refractive (left) and diffractive (right) chromatism. The wavelengrh dependence of the refractive index of intraocular lens
(IOL) materials causes a variation in the focus location: the power of the refractive element is higher for shorter wavelengths. Diffractive chromatism follows

the opposite trend. The respective location of the peaks for red (R), green (G), and blue (B) light in the polychromatic modulation transfer function (MTF)
curve provides information about the dominant process (refractive or diffractive) for each focus of interest generated by a multifocal IOL for the considered

wavelength.

was designed with an add power of 3.5 D (near) in the first
diffraction order. The second diffractive element provided
an addition of 1.75 D (intermediate). Therefore, this
diffractive element provided a faint (4.5% of incoming
light) second diffraction order at a vergence of 3.50 D,
which corresponds to light useful for near vision. The
second order of this second diffractive pattern was used to
reinforce approximately 5% of near vision (add +3.5 D),
which mainly is afforded by the first order of the first
diffractive pattern. As a result, the percentage of lost
energy, which is usually 20% for standard diffractive
bifocal lenses, was reduced with this IOL to approximately
14%. The IOL diffractive profile also was attenuated
gradually throughout the entire optic (apodization),
resulting in a continuous modulation of the light energy
distribution, directed to the 3 primary foci. The larger the
considered zone, the more light is directed proportionally to
the distance foci. Because of the harmonic relationship
between the intermediate and near foci (the latter having
twice the vergence power of the intermediate), the total
number of diffractive zones is unchanged compared with a
bifocal IOL having the same near power, whereas the height
of the diffractive steps alternates because of the
superimposition of the intermediate diffractive profile.
Other trifocal I0Ls have been introduced since. The AT
LISA tri 839MP IOL (Carl Zeiss Meditec AG; see Table 1,
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row D2) uses a similar concept without apodization but with
a diffractive zone limited to the central 4.5 mm of the
optic.”™** The RayOne trifocal IOL (Rayner; see Table 1,
row D35) is another trifocal optic in which the diffractive
zone is constructed from the combination of 2 profiles that
also are limited to the central 4.5 mm.™

The AcrySof IQ Panoptix (Alcon Laboratories; see
Table 1, row D7) is a quadrifocal IOL with which one of
the diffraction orders focusing in the long intermediate
vision distance (1.1 D) range is suppressed.”> * It pro-
vides a near addition power of +3.25 D and an interme-
diate vision power of +2.17 D. Its global diffractive design
has a different rhythmicity than that of the FineVision
(Physiol) and AT LISA tri IOLs, which reflects the indirect
harmonic relationship between the near and intermediate
foci.”™”

Recently, a combination of the diffractive trifocal and
EDoF technologies was incorporated in the design of the
FineVision Triumf (see Table 1, row Cl) to improve
intermediate vision, with the goal of reducing low-light
condition side effects. The design of the implant uses the
combination of 2 bifocal diffractive gratings, whose height
is adjusted to favor the intermediate focus and to modulate
chromatic aberration, while allowing the creation of a near
foci of lesser energy. These gratings have globally higher
steps and diffract mainly visible light in the first and second
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Figure 9. The through-focus modulation transfer function (MTF) curves of the 3 intraocular lenses (IOLs) collected at 50 cycles/mm and pupil apertures of
2.0 mm, 3.0 mm, and 3.75 mm are shown with the ISO 1 model cornea. At the 2.0-mm aperture, the extended depth-of-focus (EDoF) lens shows 2 partly
overlapping MTF peaks at 2 focal points, +20.0 diopters (D) and +21.75 D, corresponding to far (F) and intermediate (I) vision distances in accordance with a
power addition of 41.75 D. Similarly, the trifocal IOL shows partly merged MTF peaks for far and intermediate vision distances but displays an additional peak
for near (N) vision at the +3.5-D power addition with respect to the distance vision power. As anticipated, the bifocal lens gives rise to 2 well-discriminated
MTF peaks for distance and near vision with a power addition of +4.0 D. For pupil aperture larger than 2 mm, the MTF peaks become more discriminated,
revealing the number and power positions of all focal points for a given optical design. The trifocal lens shows 3 MTF peaks for far, intermediate, and near
distances and thus, 2 power additions of +1.75 D and +3.5 D with respect to the far focal point. The bifocal IOL seems to enhance far distance vision
preferably, whereas in the EDoF lens, the intermediate distance vision seems to be dominant. Qutcomes at the 3.75-mm pupil aperture are very similar to those
obtained at 3.0 mm for the 3 lenses, when the same model cornea is used. The use of the IS02 model cornea, with +0.28 pm spherical aberration (SA), for a
same pupil aperture, is likely to result in slightly higher MTF at best focus for the far and reading distances, compared with its ISO1 counterpart (with 0 um SA).
In the case of EDoF and bifocal lenses, both have an SA of —0.27 lim in contrast to the trifocal lens. Clearly, the EDoF lens enhances intermediate vision
at +1.75 D addition, with MTF ranging between 0.41 and 0.45, regardless of the pupil aperture and cornea model. GF = glistening free.

order. The focus for far is not generated by the Oth order but
rather by a combination of light refracted by the monofocal
component and the diffraction in the first order. This
corrects the chromatic aberrations for far and intermediate
foci.

Refining Extended Depth-of-Focus
Terminology

To examine specifically EDoF lenses, Table 2 was created
to highlight the design and differences, putting forward a
classification system to demystify this new subsection of
premium IOLs. These lenses propose ways of elongating
the continuous range of focus by 2 additional principles
by using negative spherical aberration or the pinhole
effect. Other additional, but not pure, EDoF effects,
including diffractive EDoFs, that reduced chromatic
aberrations allow increased contrast sensitivity, therefore

enhancing their function, although occasionally at the cost
of some photic phenomenon.

With multifocal lenses, it is easier to understand what is
being offered to the patients. Extended depth-of-focus
IOLs, according to the American National Standards
Institute (ANSI) standards, have to provide increased depth
of focus compared with a monofocal IOL, with statistical
superiority to monofocal lenses for photopic intermediate
vision as well as being noninferior to the monofocal control
at distance. Added confusion is created by various mar-
keting phrases, including using the term echelettes for
diffractive gratings (see Table |, rows C2 and C3) or calling
an IOL an even newer term, continuous transitional focus,
when it really is a sectorial bifocal refractive lens and not at
all a new concept (see Table 1, row C7).

Depth of focus extension per se can be achieved in only 2
ways: narrowing the aperture (as photographers do with the
camera’s diaphragm, such as with an IC8 lens) or using
higher-order aberrations (HOAs) such as spherical
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Figure 10. Schematic showing that a trifocal diffractive element can be achieved by combining 2 bifocal diffractive gratings. 2D = 2-dimensional.

aberration (e.g., Isopure or Vivity [Alcon Laboratories, Fort
Worth, TX]). Any diffractive system relies on discrete foci
generation (Symfony has been shown to be a bifocal dis-
tance and intermediate lens with chromatic compensation)'’
and a zonal refractive system with discrete zones that also
are providing discrete foci, as long as these zones are
distinct. If the zones are blended (e.g., Vivity), it falls into
the category of lenses using HOAs (there are no zones
anymore but rather, a global zone with aspherical design).

The tables already illustrate this, but in relation to
EDoFs, one would prefer a theoretical classification: (1)
lenses with in vitro (optical design) and in vivo (visual)
EDoF effects, that is, small apertures and aspherical
continuous designs; and (2) lenses using discrete multiple
foci to achieve an in vivo EDoF effect, that is, refractive
zonal designs and diffractive designs.

As well as small aperture and aspherical designs, func-
tionally efficient EDoF lenses also are based on a multifocal
design. Many brands on the market are reluctant to label

14

these with the multifocal tag because of its association with
photic symptoms. Even if multifocality is present, the
modulation transfer function curve is blended by natural
HOAs of the eye, added to an effect from pupil diffraction
(especially if 2 mm or less) that then exhibits functional
EDoF capacity. No pure continuous range of vision on the
optical bench exists for discrete zonal and diffractive
technologies. However, a discrete foci generation on the
optical bench can still result in a full range of continuous
vision.

Testing Intraocular Lenses (Optical
Benches and Modulation Transfer Function
Curves in Monochromatic and
Polychromatic Lenses)

In vitro testing can provide rapid evaluation of I0Ls in an
environment similar to that of their implanted state and avoids
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Table 2. Theoretical Extended Depth-of-Focus Nomenclature Proposal

Lens Feature

Type of Intraocular Lens Lens Model Small Aperture

Aspherical Continuous Designs Refractive Zonal Diffractive Design

True EDoF
IC-8 X
Morcher X

Enhanced monofocal
Vivity
Isopure
Xact
Eyhance

EDoF effect
Comfort
Rezoom
MiniWell Ready
Symfony
Synergy
Diff Aa
Triumf
AT LARA

EDoF = extended depth-of-focus.

>

>
HOK R KR

confounding factors of clinical testing, such as clarity of the
cornea, retinal function, and neural processing.y'}“ The
aberrations of an IOL depend on the vergence of the light
entering the implant; therefore, it is more relevant to test the
optical performance of multifocal and EDoF 10Ls with an
artificial eye. It consists of an artificial cornea and a wet cell
containin% a saline solution into which the IOL is
mounted.”” The cornea is placed in front of the IOL and
creates a converging beam that represents the vergence of
the light entering the IOL. Model comneas can have null or
predetermined levels of spherical aberration and chromatic
dispersion. It is important to choose the best-suited artificial
cornea for a specific context, because most multifocal and
EDoF IOL designs use aspheric surfaces to dampen the
average positive human corneal spherical aberration. An
artificial pupil of adjustable diameter can be used to simulate
the I0L behavior at differing pupil sizes.

The optical quality of IOLs can be assessed routinely by
measuring the modulation transfer function, which describes
the amount of contrast that is transmitted through the lens. If
a high-contrast sinusoidal grating is imaged by an eye model
equipped with the measured IOL, the contrast of the
resultant image is reduced, and the contrast tends to reduce
more severely with higher spatial frequency (i.e., the finer
spacing of the bars of the sinusoidal target). Most of the
in vitro optical characterizations have been performed in
monochromatic green light. Using different monochromatic
light sources enables exploration of the chromatic properties
of an IOL, which are influenced by its design, refractive
indices, and Abbe numbers (measurement of a material’s
dispersion; Fig 11A, B). The higher the Abbe number, the
lower the chromatic aberration (high values indicate low
dispersion).

Preoperative Planning

Counseling

As with any surgical intervention, one must plan meticu-
lously by appropriate patient selection in consultation with a
comprehensive preoperative assessment and in-depth coun-
seling of the risks and benefits.”*” Assess the patient’s needs
and personality; some negative patient factors are listed in
Figure 12, along with a summary of preoperative
assessments and possible postoperative adverse events."'

Surgeons must counsel the patient about adverse events,
including halo, glare, and reduced contrast sensitivity, as
well as discussing neuroadaptation in greater detail.*>** A
Cochrane review found photic phenomenon to be 3.5
times more likely in multifocal IOLs (decentration and
posterior capsular opacification), with a 29% rate of
residual ametropia, a 15% rate of dry eye, and a 54% rate
of posterior capsular opacification.”’ Before discussing the
different compromises one makes when receiving a
multifocal IOL, there should be an understanding that
patients of any age have some natural photic phenomenon
because of spectacles, contact lenses, or even the cataracts
themselves, as well as their own eyes having naturally
occurring HOAs. Although all lenses are susceptible to
inducing negative dysphotopsias, multifocal IOLs have a
higher chance of inducing positive dysphotopsia compared
with monofocal lenses.**"!

In patients for whom refractive laser surgery is not
advised, motivation for spectacle independence may result
from either presbyopia refractive error, with or without
cataracts. These patients must be aware of all their initial
options for IOLs, including monofocal IOLs with or without
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Figure 11. A, Graph showing that the Tecnis bifocal implant shares the light energy incident mainly between order 0 and order 1. The order 0 is focused
thanks to the power of the monofocal carrier lens. The order of the peaks of the polychromatic modulation transfer function (MTF) curve is dictated by
refractive chromaticism. Order 1 (focus of addition) is generated by a diffractive mechanism; the order of the peaks of the polychromatic MTF curve is
dictated by diffractive chromaticism. B, Graph showing that the Tecnis Symfony implant shares the light energy incident mainly between the order 1 and
the order 2. The order 1 is focused thanks to the power of the monofocal carrier lens and the addition of the diffractive grating. The order of the 2 main
peaks of the polychromatic MTF curve is dictated by diffractive chromaticism. Order 2 creates an addition focus for intermediate vision. (Adapted from

Loicq et al.') B = blue; D = diopter; G = green; R = red.

toric correction and minimonovision or multifocal 10Ls
based on various optical platforms, to avoid lack of adequate
informed consent.

To achieve spectacle independence and satisfaction, the
clinician must understand their near and intermediate
requirements with a detailed history of their work, hobbies,
and lifestyle. Would they be accepting of spectacles for fine
print, or do they drive at night for long periods, and are they
able to understand fully that although the technology has
advanced significantly, no perfect lens exists to simulate
their prepresbyopic continuous vision. The patient is also
counseled regarding potential required enhancement pro-
cedures. If the patient is able to understand all the infor-
mation and is very motivated despite the range of risks and
benefits presented, they could be a good candidate to take
the conversation further.

Relative Contraindications

Many clinical factors may rule out the use of multifocal
IOLs, including significant pre-existing ocular pathologic
features precluding good visual potential after surgery.
Multifocal IOLs are less likely to be recommended in pa-
tients who have severe untreated dry eyes (reduced tear film
breakup time, punctate erosions, symptoms), Fuchs’ endo-
thelial dystrophy (guttata seen on slit lamp examination,
reduced endothelial cell count, and increased pachymetry

16

values), severe macular degeneration or retinal disease (seen
on OCT scan of the macula), advanced glaucoma (increased
IOP, reduced visual fields), as well as patients with a
multitude of type A personality traits (detailed patient his-
tory). Those who have high occupational visual demands,
such as pilots or commercial drivers, are less suitable for
these premium lenses. Topography allows for additional
assessment of the posterior corneal astigmatism as well as
tear film quality and corneal HOAs. Aberrometry is useful
to assess the patient’s preoperative HOA profile.

Avoidance of multifocal 10L in patients with pupillary
abnormalities, such as corectopia or colobomas, is a step
that may be overlooked, and its effects may be under-
estimated.”” Measuring the angle Kk value allows the
prediction of increased dysphotopsia, and a large-angle K
value (>0.6 mm) is a potential contraindication, although
experience may vary among types of lenses.’® No signs
should point toward a decentration risk in the patient,
such as phacodonesis or pseudoexfoliation.

Previous Refractive Surgery

Because patients with previous refractive corneal surgery
such as LASIK may be highly motivated to achieve spec-
tacle independence after cataract surgery, it is important to
review their e]igibilit?( after careful assessment and on a
case-by-case basis.”""* They still may be candidates for
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Refractive lens
exchange
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Young
Cataracts
Good VA pre op
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Figure 12. Diagram showing a summary of the indications, patient factors to consider before surgery, comprehensive assessment, and surgical planning for
intraocular lens implantation. It also indicates adverse events that can occur after multifocal lens insertion.”® IOP = intraocular lens; ON = optic nerve;

PCO = posterior capsule opacification; QoV = quality of vision; VA = visual acuity.

multifocal lenses, with very few studies published.
Conversely, they may benefit from either standard
monofocal lenses with positive spherical aberration in the
case of hyperopic LASIK or from aspheric IOLs with
negative spherical aberrations in the case of myopic
LASIK.” Patients who have undergone previous radial
keratotomy who are reaching cataract age actually may
benefit from a pinhole IOL strategy such as an IC8
(Acufocus, Irvine, CA) or Xtrafocus (Morcher GmbH,
Germany) in the nondominant eye, although other EDoF
lenses have produced reasonable results.’ <! These can
also be considered in patients with corneal scarring or
keratoconus (not discussed in this update).52 Patients with
strabismus or dense amblyopia will find neuroadaptation
challenging, and an orthoptic assessment is advised for
these patients to assess suitability, as these features may
be relative contraindications.”

Lens Choice

After the patient is deemed suitable for the procedure, one
must decide which of the multitude of multifocal IOLs is
best suited to the patient’s needs. For a multifocal IOL to be
truly efficient, astigmatism must be totally neutralized, so
astigmatism assessment and availability of toric versions is
imperative with good rotational stability required (Toric
versions where available, are marked with a T in brackets
under the lens name within column 3; see Table 1).54’55
Patients with residual postoperative astigmatism beyond
0.5 to 0.75 D will be less likely to achieve an optimal

visual outcome, and a toric multifocal IOL is advised.”°

When implanting a toric multifocal IOL, using a new-
generation calculator, such as the Barrett (ascrs.org/tools/
barreti-toric-calculator) or Physiol (physioltoric.eu) toric
calculator,””  and  alignment using computational
techniques™ can ensure optimal neutralization. Large
amounts of corneal astigmatism may benefit from a
monovision, or a blended strategy with a monofocal toric
IOL may be advised to avoid the negative effects of
residual astigmatism. For much smaller amounts of
astigmatism, on-axis incisions with the usual refractive
surgical options are advised.

Besides pinhole, accommodative, or modular options,
which are not discussed herein, options when implanting
multifocal IOL lenses include bifocal lenses, trifocal lenses,
EDoF lenses, or a mix-and-match approach. These could be
refractive, diffractive, or a hybrid. Most surgeons prefer
simultaneous bilateral insertion of the same multifocal
IOLs, with the mix-and-maich option using lenses of
different types or designs to bridge the gap in the defocus
curves binocularly, although this may not smooth out the
curve completely and can cause unexpected photic
phenomenon."?

To summarize the relevant decision making, albeit a
simplification of the process, one can consider that
bifocals give the best near vision but have a gap in inter-
mediate vision that is filled by trifocal IOLs. Extended
depth-of-focus lenses provide the least near vision and best
intermediate vision with comparable photic phenomenon to
trifocal 10Ls (although the halo maybe more tolerable with
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trifocals). Extended depth-of-focus IOLs suit patients who
do not mind using spectacles for reading small print.
Nonapodized diffractive lenses are pupil independent but
sacrifice some intermediate vision and may induce more
photic phenomenon. Refractive lenses provide a natural
transition between distance and intermediate vision, near
vision, or both, whereas diffractive lenses induce discrete
foci (although in real life, any discontinuity between foci is
neutralized to some extent by natural HOAs of the eye). Of
note, hydrophilic lenses reduce stray light compared with
hydrophobic lenses.'*® With any lens choice, being
prepared for neuroadaptation is key, and younger patients
seem to adapt within a shorter period.53 In most cases,
attempts to match patient spherical aberrations with
aspheric multifocal IOL designs help to limit the amount
of postoperative HOAs.

Power Calculations

Lens power calculation is an important facet of surgical
planning with multifocal IOLs. Although a minimal myopia
is welcomed in the monofocal refractive outcomes,
multifocal IOL designs have a low tolerance for this, instead
preferring a hyperopic outcome that is nearest to emme-
tropia. Using newer-generation lens formulae and
personalizing lens constants for a particular multifocal IOL
is recommended.””®" A shift could lead to an impractical
reading vision range. As seen in Figure 12, a thorough
examination including biometry is important. Use of
intraoperative OCT after cataract removal could be useful
in predicting the effective lens position, leading to
superior lens calculations.®”

Risk of residual postoperative defocus must be discussed
with patients. Options for postoperative refractive surprise
include laser correction, add-on lenses, and, in certain cases,
lens exchange, although the effective lens position remains a
source of error.”” For pupil size less than 2.5 mm, a
refractive multifocal IOL may not be not recommended.*
Those with myopia are less dependent on spectacles for
near and would prefer to avoid losing this ability to some
extent.

Aside from patient factors, surgeon factors also play a
role. A surgeon will implant lenses that they are comfort-
able with and are aware of their functional benefits and
risks. As a novice, it is advisable to avoid extremely

dular/Multicomponent

Precisight (IVO) Light Adjustable

Harmoni (Clarvista)
Gemini Capsule

(Omega) FS Sculpted

Accommodative PRI
Technology

demanding patients and is recommended that hyperopic
patients be selected for the initial implantations, because
those with myopia can underestimate their own spectacle
independence for near vision, and an unhappy patient may
result if appropriate planning is not carried out. When
choosing a particular multifocal lens, we are satisfied by
their safety profiles and reassured by their efficacy from
published or presented materials. An established lens
platform is easier to use with a reduced learning curve, as
well as being informed by the experience of colleagues
who may discover certain nuances of the lenses only
appreciable when assessing one’s own outcomes and
postoperative patient interactions. A trustworthy company
that has a reputation for advertising responsibly is also key.

Future of Multifocal and Extended Depth-
of-Focus Intraocular Lenses

With rapid innovation in the field of IOL materials and
design, the future looks promising (Fig 13).°” % In the
meantime, with advancement in surgical techniques
(including femtosecond laser-assisted cataract surgery) and
newer-generation IOL power calculations, we can see
improved visual outcomes with currently available IOLs in
the short term.®®"" Also, a potential number of devices are
on the market and awaiting publication, including
spectacle-mounted devices that may collect preoperative
data regarding the patients’ true distance, luminance, and
usage data. We await publication data on this and from the
range of newest EDoF lenses presented at conferences in
2019 (Table 1), as well as their longer-term study results for
those currently on the market (Table S1, available at
www.aaojournal.org).”’

Ophthalmologists with an interest in multifocal IOLs are
somewhat disappointed with the results of the first generation
of accommodative IOLs, which were thought to work by
changing the axial position of the IOL but in fact seem to
work by changing the ocular aberration. Issues encountered
with accommodative lenses include lens dislocation,””>
capsular bag contraction syndrome, pseudoaccommodation,
as well as a high rate of posterior capsular opacification.””

Multifocal IOLs, including multifocal and EDoF 10Ls,
have successfully addressed the need for spectacle inde-
pendence with distance, intermediate, and near vision in the

Synchrony (AMO)
WIOL-CF (Medicem)
Juvene (LensGen)
Electronic lens Sapphire
(Elenza)

Nishi Lens Refiling

Phaco Ersatz

Smart IOL

Nulens (Dynacurve)

Lumina (Akkolens) Liquilens

Figure 13. Diagram showing a summary of future intraocular lens (IOL) technologies.”> % FS = femtosecond laser.
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good-to-acceptable range with high satisfaction rates over-
all."”® Some limitations of earlier multifocal IOLs included
high sensitivity to lens decentration, photic phenomenon,
reduced contrast sensitivity, and an intolerance to the
variable K angle. Newer generations of EDoF IOLs are
less affected by this, although it is still a concern.
Extended depth-of-focus lenses provide superior contin-
uous distance and intermediate vision but may be at the
expense of near visual acuity.”® Even if adverse events occur
after implantation, most are reversible, including
photorefractive keratectomy for residual ametropia and
yttrium—aluminum—garnet laser capsulotomy for posterior
capsular opacification. Intraocular lens exchange resulting
from dissatisfaction despite appropriate time for
neuroadaptation is a rare but serious outcome, and longer-
term studies are required for both the established and
newer generation of multifocal 10Ls.”” "

Patient-reported outcome measures are a key way to
ensure that we have a standardized method of assessing
patients after surgery. No consensus has been reached, with
examples including the Freedom from Glasses Value
Scale®™' and the Near Activity Visual Questionnaire
incorporating Rasch analysis.** Automated systems,
including the Halo & Glare Simulator (Eyeland-Design
Network GmbH, Vreden, Germany), can be descriptive of
the patient’s perception of photic symptoms.** No society-
led guidelines exist on methods of reporting patient-
reported outcomes in patients with multifocal 10Ls.

Much emphasis is placed on photic phenomena in studies
investigating multifocal IOLs. From the studies listed in
Table 1, it is clear that although a high percentage of
patients experience some level of halos after surgery, for
most of the participants, they are not significantly
bothersome. Another issue to consider is the influence of
multifocal IOLs on contrast sensitivity, which is not
studied routinely after surgery but is a useful outcome
measure to be standardized.™

Conclusions

Relevant preoperative diagnostic evaluations, respect for
patient selection criteria, appropriate counseling, and man-
aging of expectations and underlying ocular intricacies are
key to ensure success when implanting multifocal IOLs.
Although the increasing availability of multifocal IOLs
promotes understanding and research in this field to expand
rapidly, we must be aware that novelty does not always
equate to superiority.

Multifocal 10Ls (including diffractive EDoFs) should
remain as the umbrella term versus monofocal I10Ls
(including pinhole and aspheric lenses). Differentiating be-
tween lenses on the market while not losing sight of our main
goal, which is to provide the right lens to the right patient, is
possible with full counseling regarding what compromises
patients are prepared to make to achieve multifocality ac-
cording to their personal needs. Instead of bundling all the
apparent EDoF I0Ls together, one must look at their focal-
ity, optical principles, and practical features to allow the
patient and surgeon to choose the correct lens.

A great debate is ongoing regarding EDoF lens nomen-
clature. Cornea and refractive surgeons must reach a global
consensus regarding what are true theoretical or functional
EDoF lenses. The American Academy of Ophthalmology
task force has already developed several consensus state-
ments for assessment of a full range of multifocal 10Ls,
including EDoF I0Ls."™""'® With this task force and
standardization of patient-reported outcome measures,”
refractive cataract surgeons may be better equipped to
evaluate and adopt selectively from the influx of
innovation in the field of multifocal and EDoF IOLs.
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