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Sbiestive: To determine the relationship between the
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an untreated idiopathic epiretinal membrane (ERM).
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PTICAL COHERENCE TO-
mography (OCT) is a
usefil method of detect-
ing early morphological
N changes in retinas ﬁi
fected bv various pﬂholoomal condi
tions. The correlations between the vi-
sual acuity and the morphological changes
in the retina have been reported for vari-
ous retinal diseases, mr,h e-related
macular degeneration.’ central s s cho-
rioretinopathy,? macular edema,* idio-
pathic macular hole,® and epir etival mem-
brane (ERM).
Retinal traction caused by an ERM leads
to morphological chdngcs olnot on ly the
superficial layers of the vetina but also the
entire retina including the photoreceptor
layer. This is important because long-
standing morphological changes can Jead
to meuon’*' damawc" and canse meia-
morphopsia and ucmeaaed visual acuity.
QPLLU’JI domain OCT (SD-0OC
enabled clinicians and investigators (o ob-
tain clearer images of the microstructure
of the photoreceptor laver than time-
domain OCT. Several studies have exam-
ined whether significant correlations ex-
ist between macular dysfunction and the
integrity of photorcuptm microstruc-
tures, especially the photoreceptor inner
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tion of the best-correcied visual acuity (BCVA) and ab-
normalities of the pl’l()i()xL’LL}i)LOl microstructures in
patients with untreated idiopathic ERM. To accomplish
this, we examined cases with ERM without severely de-
formed inner structures, such as a lamellar hole and large
cystic formations. We classified the abnormalities of the
retina in the SD-OCT images and performed muliiple re-
gression analyses to determine which parameter was in-
depenc and significantly associated with the BCVA
in cases of HRM.

i\'cd fr rom ali of 1.hc. Jub}ccu. ],Ox the icsLs, Jv he proce-
ladhered 1o the tenets of the Declaration of Helsinki, and
ew board/

of 43 patients (20 eyes of 18 men and
< i, mean [SD] age, 67.0 [10.0] years) diag-
posed with an ERM without Iamdlfu holes or apparent cystic
changes in the fovea. The patients were examined between Oc-
tober 2009 and Se pic‘mbm 2010. The exclusion criteria were

spvia more rhanb 10;)1 advanced lens opacification, other
isual disturbances, secondary
5, and retinal detach-

ment. gh sig
e SD-OCT sig-

r‘or evaiuatian ic, average intensity of th

S } 141 8 or 10,
C"I (Cnrm HD-OCT, versions 4.5 and
ras used to obtain Lomoglaph]c im-
s of the retina. Following dilation of the pupil, 5 line-scan
d both horizontally (length, 9. (‘ min) and
6.0 mm) across the fow wia W 1
tance berween each scan line of 0.07°
hro ¢
A wed: (1) central retinal
lime, (3) 18/0S junction line, (4)
wiction line at the foveola
M), (6) in-

ss (CRT), (2) COST
m ﬂchl\c‘ appeal; am,c of the
\ ')
nembrane (ILM), (7)
rer the foveal center.

as delined as the distance between the inner ret
W inner su;i’acc ')‘f the retinal pigment epithe-
as measured manually

N ‘>J
external limiting membrane (B
foveal pit, and (8) ERM

nal surl
tum at the
he built-i

vste
ithin a 500- [TSE! dia ameter of the fo-
ale h’nJ \VC]L graded independentiy by 2 ex-
md { 1 Y (Faalsle 1) to be

cither 1
tients’ i

HH]C!
tially adopre
{us’ 318

.M dmm ion, and severc i ‘ 3

mhx classification: ]]{)XH,\"’\L we {ohndn con-
stinguishing mildly from rabnor-
ation Lo

normal when they were seen ¢ lca‘ Iy and appea nd continuous
i foveal region, and they were gmde abnormal when they
were blurred, interrupted, or absent. The foveal bulge is an el-

ation of the IS/0S junction line thatappears like a dome over

the foveola. We graded it normal when the bulgelike appear-
ance was clearly observed and graded it abnormal when the
bulgelike appearance was not observed and the 1S/08 junc-
iion line appeared flat.

The (1M was graded normal when it locked smooth as
at the fovea and was graded abnormal when it tooked
or distorted. The foveal pit was graded {mmwl when
cave retinal surface was clearly observed at the foveola and g
abnormal when the foveal, surface appeared far. The ERM was
graded normal when the ERM did not overlap the fovecla and
graded abnormal when the ERM was attached over the foveola

The relationship between these 8 OCT features and the
sual acuity was statistically examined. Statistical
formed using SPSS version 19.0 (SPSS Japan). T
was converted to logMAR wnits for the sta &L‘df anai
son correlations were performed to determine thea
tween CRT and visual acuity. The Mann-Whitn
to compare the BCYA and CRT between the normal and abnor-
mal groups for each OCT feature. Muliple regre
verformed with BC nd CRT as the dependent va

with the integrities of 7 OCT features as indepe
A P value <C.03 was considered significant.

L«

We first evaluated the normal fellow eyes of 29 of the 45

patients studied (13 eves of 13 men 2m‘. 16

women; mean [SD] age, 66.0 [8.1] ve

of the 7 OCT feannes were judged no
Two representative cases demonstrating how the Ocr

iham"es W tlbju( oco to bc Ci‘hu nor wial or (zbnm m"

;}.
ves of 16

these, ail

~old man

and COST h'ne WEre *Iez\r 3
normal. An ERM was pre:
was judged to be abn
and judged to be normal.
at the foveola and judge

A vertical SD-OCT s mage
65-year-old woman is shown in
JHUUIOH line and EL.M were clea
to be normal. The foveal mxhrc and
be seen at the fovea and were 'nuo ed al
was wrinkled in the paraloveal region;
veal region within 300 pan of the foveola was
ud«mu novmal. The foveal pitv ;ud""d
cause the fovea was elevated | bya
the ERM and the [oveal
ered the foveola and v v

The BCVA and CRT of the norr nai
pared with those of the abnormal qmzzp {or each "C)‘
feature of the 32 cases by Mann-Whitney test (t"!agw%:
The BCVA was swmnmrdy better in cases wher 6 u” T
features were judged to be normal: COST hm‘ 187065 junc-
tion line, foveal bulge, i
(Figure 2A). The CRT
when 5 OCT features were }Uc.crm t0 be normal: CC
line, I5/0S junction line, foveal bulge, foveal pit, and E?w
(Figure L.b).

Subsequently, multiple regressi
formed to determine the independent predictors
BCVA and CRT in eyes with an ERM. The analyses showed
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Figure 1. Optical coherence tomography imagas. A, Horlzontel opticel coherence iomography image of the retina of a normai eve with 2 magnified |
ihe locations of the external limiting membrane (ELI), photoreceptor inner segment/outer segment junction line (IS/08), cone outer segiv inli
yetinal pigment epithelium (RPE), fovea! bulge (aste and central retinal thickness (CRT) (arrow). Scale bar=500 prn. B and G, Classificati
speciral-domain optical coherence tomography image in patients with an epiretinal membrane (ERM). A indicates abnormal; LM, inte

i, normal.
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' Table 1. Glassification of OCT Features in the Foveal Region
- Classification ~ . COST o {808 - - FovealBulge- o CEEM o CHW oo Feveal Bit iR
Mormal - Clearand - * Clearand Observed - Clearand -~ ‘Smoothandfiat  Qbssrved Fovgola is
Lowl o coatingous o ocontinuogst S e CONENUUS T e T R ERM
SUABnomnalt o Blagred, 00 Blursd, oo Nobobserved . Blurred, L Wrinkied oro o C Notobsgrvod:  ERMisaliached
i o dntarrupted, or - dnterruptedior o o Dinterupted, or o distorfed :
- .absent . . absent o absent : AT

Abbreviations: COST, cone outer segment tip line; ELI, external limiting membrane; ERM, epiretinal membrane; ILM, internal limiting membrane;
15708, pholoreceptor inner ssgment/outer segment junction line; OCT, optical coharence tornography.

|
:
1
i

7

0S A Foveal  Foveal LV N A HM Foveal

iS/08 K
n=425  (1=10) Bulge N Bulge A n=49)  {(n=3) (=351

{n=35} (=17}

v LA
(=33} (n=17)

1808 A
(=10}

Figurs 2. Comparisons between normal (V) and abnormal {A) eyes for 7 optical coherence tomography features. A, Best-corrected visual acuily {BOVA).
B, Central retinal thickness (CRT). Mann-Whitney test, *# - 05 and £ - .01, COST indicates cone outer segmant tip line; ELM, sxternal limiting membrane;
ERM, epiretinal membrane; LW, internal imiting membrane; and 1S/08, inner segment/outier segment junction line,

that the predictive variables for BCVA were COST line  The CRT was measured at the foveal centerin 52 cases,
(P =2.001), 18/0S junction line (P = .02), and ELM and asignificautly positive correlation was observed between

(P =.03). The standardized partial regression coeffi- the CRT and the BCVA (7 = 0.274; P < .01) (Figere 3).
cient B was 0.413 for the COST line, 0.287 for the 15/0S
junction line, and 0.247 ot the ELM (Table 2). On the
other hand, the predictive variables for the CRT were fo-
veal pit (P < .001), ERM (P = .003), and foveal buige

(P =.04). The standardized partial regression coeffi- The relationships between the outer retinal microstrue-
cient B was 0.476 for the loveal pit, 0.337 for the ERM, tures determined by SD-OCT and the BCVA have been
and 0,182 for the {oveal bulge (Table 3). reported previously for patients with ERM." The de-
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. Table 2. Mulliple Regression Analyses to Determine
- the hdepem}eni Predictors ef the Best-Carrested Visual
i éx,uuy
tandaridized Partial
~Regression Coefficient (8) F Yalue
COST L4t o 001
J18/s : 0287 .02
ELM o 0.247 o .63

Abbreviations: COST, cona outer segrent tip ling; ELM, external limiting
membrane; 15/085, photoreceptor inner se g]ronu’omer segment junction line.

;Téb{e 3, Multipie Regression Analyses o Determine
the Indspendent Predictors of the Central Retinal Thickness

Standardized Partial

Regression Coefiicient {) - P Value
Foved pit o 0478 =001
ERM . i 0387 - .003

Foveal bl g 0182 04

Ai)bre\.r'iaﬁon: ERM, epiretinal membrane.
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BCVA, logMAR

Figurs 3. Signifisant corralation betwaen central ¢ Gitﬂchhi(‘k'l@\ﬁ( SRT) and
nacummecied\ ual acuity {(BOVA} in Jz eves. Pearson correlation
“was 0.274 (P = 01}

t from these cariier studies
- o e i
ma \J(T features only in the fo-
center because the vi-

ac ihw)n we exc *udm P(; Tent
holes or apparent cystic changes in the J vea, \, which can
induce optical s and distort the appearances of the
phmc}raccm‘m l“ n the ()C { mmovs

rity of the ( (, ] hnv o*wh asmua'(d wnh
the BCVA, followed by the 15/0S junciion line and the
FLM. On the other hand the Toveal bulge, 1LM, foveal
pit, and ERM ificantly associated with the
A. 1t has been reported that the integrity of the 15/0S$
; is sigr dh(aud\' associated with the PosLop-
erative BC ¢ Our results showed that not enly the
1$/08 junction but also the COST line were most ero 1gly
associated with the preoperative BCVA (B = 0.41 Im

ties of the COST line have been suggested (o be an ear
glg n of photor eceptor dysfunction in eyes with outer reti-
nal disorders.”* In cases of ERM, the appearance of the
COST line at the imca should be mr'cxuﬂ\ examined to
determine if carly changes in retinal funciion might be
pwsmt
Ia patients with an ERM, dle retinal thich kening could
alfect the appearance of the in 1 > photoreceptor
layer. Multiple regression analysis ed that ahnm'mal%-
ties in the COST line, 1S/0S junction lin
not significanty associated with the (,'?;
Table 3}, although an absence of the foveal pit (P -
and existence of foveal ERM over the foveola (P = .003) were
independently associated with the CRT. These results sug-
gest that the phomwcq):or microstructures appeared 1 ab-
normal not because of the reduced laser light through thick-
encd reting but because of real morp m]oelc al chang 5. J’ be

COST line; B =0.287 for IS S/0S junction). Abnormali-

shos

s giultc ml\' mnmbaic‘ to the R)( ‘_,
stage of ERM.
The correlations between the 4 highly refr:
n the outer retina scen in the SD-OCT im
retinal histologic features have b
gated There has been an early conse
terpretation of the first and fourth ba
reting, the inpermost band representing th
outermost band representing the Unm,i K O
pigment epithelium and Bruch membrane. Tt
band was initiaily thought to arise [rom the difl
in the refractive index befwees ‘n i 1
ments of the photoreceptor and thus
receptor 1S/0S junction line. However
found it to represent the ellipsoids of il
innier segment by ultra high-resolution OO
dve optics. The third l*"nd has been found ¢
the junction between the cone oute
I microvillae of the retinal pigment
called the C’% line ' The ell
ceptor inner segiments are vick b in mitochond
cial for the metabolism of th photoreceptor
outer segments contain the photopig
are cd«f) importar 01 phf\mt“mmu"“

g

a,x

10 Cri-

B\J« A baz. n.m to the (,J\L sug:aﬂm i*lac ho:i" §:"
structure and function of the photorecepi
aged by the ERM.

The OCT abnormalities in the | 7310 Oreceptor wiero-
structures have been reporied to be i
lated with the loss Of\xsu:ii ac 'W'f a‘n’
zonal occult outers
the photoreceptors are pumaz dv alfected. s U"L(;* her
hand, the abnormal ERM develops on the surface of the
retina without directly affecting the phmom epior laver.
The membrane can then cavs -
macula. followed by an inward wracti
ous cavity at the foveal pit. Lox

may cause formations of Cysts in the OLJ?E 1uc
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and microstructural changes in the phmomceptor'
Thus, the etiology of the OCT abnormalities of the pho-
toreceptor layer observed in eyes with an ERM should be
different from that of ouu‘rmtn‘al diseases.

Niwa et al*’ measured focal macular eleciroretino-
grams (IMERGs) elicited by 157 stimuli in 37 patients with
an ERM and concluded that the inner retinal layer was
predominantly impaired initially and that the visual dys-
function ineyes with ERM may have resulted from macu-
lar edema. They also found that the correlation between
sual acuity and the degree of amplitude reduction
of the a wave, b wave, and oscillatory potentials was not
ficant. Uuwc\’el. they reported “that the visual acu-
ity largely depended on a very limited region of the fo-
vea, and the sumulated region of 15° in the ImERG was
100 large to evaluate the relationship between the BCVA
and | Gs. Infact, there are patients with macular dys-
rophy who have both good visual acuity and extin-
n>mshef§ fmERGs. ' In such patients, the function of a very
small region of the fovea is spared. In cases of ERM, an
inwar d trac tion is especially strong in the loveola as shown
in Figure 1B and C, and the outer nuclear layer within

500 wm of the foveola is thicker than in the paraf()\';eal

region. Thus, the results of ImERGs elicited by 13° stimuli
did not necessarily exclude the fact that the photorecep-
tor function was primarily affected by the ERM. Consid-
ering that mechanical traction is extraordinarily severe
in the foveola, the phm:orccepfor function may be pri-
marily impaired even at the carly stage of ERM, leading
to the reduction of the BCVA.

There are reports that the reduction in the visual acu-
i van ERM is due to retinal thickening,>'®
1 our results also indicated that the thickness of the
outer reting, ie, combined thickness of outer nuclear layer
and p hotereceptor laver, was correlated with visual acu-

33 veth with the results of mul iple re-
ssion analysis, functional damage of the photorecep-
{ue to long-standing inward traction was deterined
1o be a strong contributor to the visual acuity reduction.
Thus, detailed examinations of the photoreceptor mi-
crostructures in the OCT images may help find early vi-
sual dysiunction in cases of idiopathic ERM.

nitted for Publication: July 4, 2012; accepted july
spondence: Kazushige Tsunoda, MD, PhD, Labo-
al Physiology, National Institute of Sen-
-1 Higashigaoka, Meguro-ku, Tokyo 152-
an (l‘SU‘iC’U k«nzufslﬂ1<m@kam<akulu ¢0.jp).
Disciosures: None mpmtcd«

{
S .
o
r'~

are, }ap(m. and Grant-in-Aid for Scientific Re-
search, . Japan Society for the Promotion of Science.

kepoulos 8, Chang KT, et al. Relationship between optical cohar-
snce tomography retinal parameters and visual acuity in neovascular age-
related macular degeneration. Ophihalmology. 2008;115(12):2206-2214.

<

o

-

fe2]

o

24.

. Piceoling FC

. Ota M, Tsujikawa A, Murakami T

. ltoh Y, Inoue M, Rii T, Hiracka T, Hirakate A,

. Wakabayashi T, Fuii

. Fallner-Radisr CI, Glitienberg C, Hagen S, Benesch

. Michalewski J, Michalewska Z, Cisiecki S, Nawroc

. Tsuneda K, Fujinami K, M

12. Sergounictis PI, Hoider GE, Robson AG, Michaslides

. Srinivasan VJ, Moxsm BE Wlﬁjtr(()u i i, et al. Ch

. Ritamura Y, Hirano K,

. RnT “eh \’ hc wﬂ rinal f*A ro" xl rore

. Spaide RF, uur:so CA. Anatemical corr

. Fernandez EJ, Hermann B. Povazay

. Wilking JR, Puiiaf]

de la Longrais RR, Ravera G, et al. The foveal photoreceptor layer
and visual acuity oss in central serous chorioretinopathy. Am J Ophithalmiol 2005,
139(1):87-99.

. Otani T, Yamaguchi Y, Kishi S. Gorrclation between visual acully and foveal mi-

crostructural changes in diabetic macular edema. Aefina. 2016;30(5):774-
780.

T. ot al. Foveal phetoreceptor layer in eves with
persistent cystoid macular edama associatad with branch retinal vein coclusion,
Am J Opfithaimol. 2008;145(2):273-280.

51 vi-

Significani corr
ar hole suigery.

sual acuity and recovery of foveal cone microsiruciures after mac
Am J Ophthalmol. 2012;153011:111-118, 81,

ra M, Sakaguchi H, Kusaka $, Oshima Y. Foveal micro-
ity in surgically rloeeJ macular heles: speciral-domain
7(9):1815-

structure and visual ac
optical coherence tomographic analysis. Ophthalmoiogy. 2010711
1824.
Binder S. Spectral-
domain optical coherence tomography for monitering epiretinal membrane surgen.
ﬁplﬁhalf”olaa/ 201 7{4).708-805.
ub MH, Seo M, Park KK, Yu HG. Associations bstween macular findin

,uCa‘ coherence tomography and visual ouicomes afier e

removal. Am J Ophihaimol. 2009,147(33:473-480, 2.

38 by

nal membrane

tional correlations of macular pathology connectad with spiretinal m
mation in speciral optical coherence tomography (SOCT). GM!fes/;zﬂh Olir Exp
Ophthalmol. 2007;245(11):1623-1631.

ckening of the
al membrans. A

and cuter reting and visual acuity in patients with
2010;30({33:503-508.

ake Y. Selective abnormaiity of cone outer segm

tip fine in acute zonal occult ouler retinopathy as observed by spaciral-demain
optical coherence tomography. Arch Ophihaimeol. 2 29(8):1083-1101.

i Wehster AR, Moorg

¢ in KCNY?2 retinopathy.

AT. High-resolution cptical coherence tomography
BrJ Ophthalmol. 2012;96(2):213-217.

Hood DG, nem\ Ramz
border seen on optic
diminished cons func
9708.
uj " BJ:Roor.ﬁA \rmh:on}‘w Cmc‘z

vest Ophihal uoi |

gracierization of ouler reii
mn G;‘*IC'X‘ coherencs

nal morphology v h-speed, ultrahigh-res
tomography. fivest Ophthalmol Vis Sci, 2008:49(43:1

T, Yamameto S. Coivel
presence of photorecepior inner/outer ssg “cnigunsiic i
ages after epiretinal membrane surgery. BrJ Opfif
i l(,

|TDI){K‘/

o8

by optical coherence tomogranity:
31{8)1608-1618.

ance iomograpiy and panceireciion for celiularima
Opt Express. 2008,16(15):11083-11084.

ito CA, Hee MR, et al. Cheractert
branes aS‘ ~g optical Nhe:encc tomography. Ophih, i,
2142-2151

. Gaudric A, Ha:uiar cysts, holes and cavitaiions: 2008 Jules Gonin lecture ¢f the

Retina Research Foundation. Graefes Arch Ciin Exp Ophihaimol. 2008;248
(73:1071-1079.

Niwa T, Terasaki H,
phology of macui
Invest Ophithaim

Kondo M, Plao CH, Suzuki T, Mivake Y. Function and mor-
cforg and after removal of idicpathic epiretinal memibrane.
is Sci. 2003;44{4):1652-1656.

WWW JAMAOPHTH.COM

©2013 American Medical Association. All rights reserved.

Downloaded From: http://archopht.jamanetwork.com/ by a NATIONAL HOSPITAL ORGANIZATION User on 04/24/2013



Functional Topography of Rod and Cone Photoreceptors
in Macaque Retina Determined by Retinal Densitometry

Gen Hanazono,*? Kazushige Tsunoda,** Yoko Kazato,'* Wataru Suzuki,"*3

and Manabu Tanifufi*

Purrose. The purpose of this study is to determine the
topography of bleaching in rods, middle/long-wavelength (M/
L) and short-wavelength (8) cones in the macaque retina by
using a modified retinal densitometry technique.

MerHODS. A modified commercial digital fundus camera system
was used to measure continuously the intensity of the light
reflectance during bleaching with band pass lights in the
ocular fundus of three adult Rhesus monkeys (Macaca mulatta)
under general anesthesia. The topography of bleaching in rods,
M/L-, and S-cones was obtained separately by considering the
characteristic time course of the reflectance changes, depend-
ing on the wavelengths of light and retinal locations.

Resurrs. The distribution of M/L-cones response had a steep
peak at the foveal center and was elongated horizontally. The
distribution of rod responses was minimum at the foveal center
and maximum along a circular region at the eccentricity of the
optic disc. The distribution of S-cone responses was highest at
the fovea and was excavated centrally. There was a circular
region with the maximal responses at 0.38 to 1.0 degrees from
the foveal center.

Concrusions. With the current imaging technique, not only the
steep peak of the M/L-cone responses at the fovea, but the ring-
shaped distribution of rod responses in the periphery and the
central reduction of S-cone response could be determined
with good resolution. ([nwvest Ophthalmol Vis Sci.
2012;53:2796-2803) DOI:10.1167/i0vs.11-9252

he human visual system is a duplex system, consisting of a

rod system for scotopic conditions and a cone system for
photopic conditions. Three types of cones mediate color
vision; long (L), middle (M), and short (S) wavelength-sensitive
cones. The distribution of the photoreceptors has been well
investigated on postmortem eyes of humans and macaques.'~
These studies reported the anatomical densities of the different
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types of photoreceptors, but the results did not necessarily
reflect their functional properties. Psychophysical experiments
also have been used to assess photoreceptor function.!0-13
However, the results reflect not only the retinal function, but
the visual function from the photoreceptors to the visual
cortex.

Approximately 50 years ago, the time course of the
bleaching of photopigments was determined quantitatively
by measuring the reflectance changes during bleaching and
regeneration of the visual pigments in human retinas.}6-22 This
method, retinal densitometry, was used to determine the in
vivo kinetics of the photopigments of cones and rods quite
accurately. The spatial distribution of the reflectance changes
was determined later by examining images obtained by either a
fundus camera or a scanning laser ophthalmoscope (SLO), that
is, imaging fundus reflectometry.?>-33 With these techniques,
the distribution of photoreceptors was mapped objectively and
non-invasively as bleach-derived light reflectance changes in
normal and diseased eyes. However, the responses of the
different types of photoreceptors, especially rods and S-cones,
could not be segregated accurately because the response time
courses were not monitored accurately.

We developed a new retinal densitometry system that can
measure the retinal reflectance changes continuously after
bleaching with band pass lights in anesthetized rhesus
monkeys. We found that the time course of the reflectance
changes depended not only on the wavelength of light but on
the retinal location. By using such characteristics, the
topography of bleaching in rods, M/L-, and S-cones could be
obtained separately. The circular region of the maximal rod
responses and the reduction of S-cone responses in the center
were determined functionally with good spatial resolution.

MEeTHODS

The experiments were performed on three adult Rhesus monkeys
(Macaca mulatta). Following an intramuscular injection of atropine
sulfate (0.08 mg/kg), the monkeys were anesthetized with droperidol
(0.25 mg/kg) and ketamine (5.0 mg/kg), and then paralyzed with
vecuronium bromide (0.1 mg/ kg/ hour). To block pain, fentanyl citrate
(0.83 pg/kg/h) was infused intravenously continuously throughout the
experiments. The animals were ventilated artificially with a mixture of
70% N2O, 30% Oy, and 1.0-1.5% of isoflurane. The electroencephalo-
grams (EEGs), electrocardiograms (ECGs), expired CO,, and rectal
temperature were monitored continuously throughout the experi-
ments. Before the recordings, the pupils were dilated fully with topical
tropicamide (0.5%) and phenylephrine hydrochloride (0.5%). The
experimental protocol was approved by the Experimental Animal
Committee of the RIKEN Institute, and all experimental procedures
were carried out in accordance with the guidelines of the RIKEN
Institute and the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Investigative Ophthalmology & Visual Science, May 2012, Vol. 53, No. 6
Copyright 2012 The Association for Research in Vision and Ophthalmology, Inc.
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Ficure 1. Bleach-induced light reflectance changes in retina by different wavelengths of light. (A, B) Regions in the macaque retina for the
topographic (A) and time course analyses (B). A small square in B indicates the location of the fovea and a rectangle indicates the location of the
temporal retina. (C-E) Pseudo-colored topographic map of the bleach-induced light reflectance changes (left), and time course in the fovea and
temporal retina with high intensity light of 5.35 log phot. td for 590 nm (C), 6.54 log scot. tid for 500 nm (D), and 4.58 log phot. td for 445 nm
(right) (E). Color scales indicate the reflectance changes (%) at the completion of each recording period relative to the reflectance at the beginning.
Red lines indicate the time course at the fovea and blue lines for the temporal retina. Data from Monkey 1 are presented.
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scot. tld) during the initial three minutes (D) measured in the posterior-pole region in (C). The color scale indicates the reflectance changes (%) at 3
minutes. (E, F) Expanded time course for the 455 nm light for the initial 75 seconds (E), and re-plotted reflectance changes relative to the



IOVS, May 2012, Vol. 53, No. 6

Retinal Densitometry System and Data Analyses

A modified commercial digital fundus camera system (NM-1000, Nidek,
Aichi, Japan) was used to observe and measure continuously the light
reflectance changes from the ocular fundus. The fundus images were
recorded with a CCD video camera (PX-30BC, Primetech Engineering,
Tokyo, Japan), and the images were digitized with an IBM/PC-
compatible computer equipped with a video frame grabber board
(Corona II, Matrox, Quebec, Canada; gray-level resolution 10 bits,
spatial resolution 640 x 480, temporal resolution 1/30 seconds). The
optical pathway was modified to illuminate the entire posterior pole
region homogeneously for 35 degrees in diameter by inserting a neutral
density filter within the optical pathway that was conjugate to the
retina. The density of the filter was the highest at the center and
decreased gradually toward the periphery to compensate for the
highest luminance along the optical axis, which is characteristic to
commercial fundus cameras. With this filter, the differences of the
estimated retinal luminances within the region of interest were within
* 10%.

Following dark adaptation for one hous, the fundus was illuminated
continuously in the dark room with the light from a halogen lamp
filtered through one of the three band pass interference filters: blue
Comax = 445 = 30 nm) for S-cone, green (Amax =500 * 15 nm) for rods,
and yellow (U, = 590 = 15 nm) for M/I-cones. Because the
maximum absorption of the M and L cones was close, that is 535 nm
for M-cones and 565 nm for L-cones, and differentiation between M-
and L-cones in this method was technically difficult, we did not aim to
segregate the response topography of these two types of cones. These
cones thus were referred to as M/l-cones in this study.

The bleaching of the photopigments was measured as increases in
light reflectance from the ocular fundus, that is a brightening. The time
course of the reflectance changes was calculated as follows. The gray-
scale values of the images obtained after the stimulus were divided,
pixel by pixel, by those obtained during a 0.5-second period at the
beginning of the trial. This ratio was rescaled to 256 levels of gray-scale
resolution to show the stimulus-induced reflectance changes. In each
trial, the reflectance was recorded for as long as 11 minutes, which is
the maximum recording duration possible in our computer system.
Spatial averaging (3 x 3 pixels, i.e. 0.15 x 0.15 degrees, for mapping
M/L- and S-cones, or 5 x 5 pixels, i.e. 0.25 x 0.25 degrees, for rods)
was performed to build up topographies of retinal responses.

For measuring the rod reflectance changes of the peaks not located
in the macular region, six trials were performed consecutively to
measure the light reflectance changes in different retinal locations (Fig.
3B). The topographies of these trials were merged to map the
responses over 40 degrees in diameter.

We made measurements on three monkeys, and the results with
unwanted physiological artifacts, such as the large decrease of
reflectance along the vessels due to absorption by hemoglobin and
pulsation-induced reflectance changes at the edge of the optic disk,
were excluded from the response topographies.

REesurTs

Topography and Time Course of Maximum
Bleaching for Each Band Pass Filter

We bleached the retina with different wavelengths of light, and
the topographic distribution of the bleaching patterns with

yellow (5.35 log phot. td), green (6.54 log scot. tld) and blue
(4.58 log phot. td) are shown in Figure 2. The time course of

<
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reflectance changes at the foveal area of 1.75 degrees in
diameter and temporal retina 15.0 degrees from the center are
shown. The light through the yellow (590 nm) filter bleached
the M- and L- cones exclusively, 8203435 and the changes in the
reflectance represented a combination of M/L-cones. The
topographic profile showed a high and steep peak of light
reflectance increase at the foveal center, which decreased
gradually toward the periphery (Fig. 10).

The green (500 nm) wavelength generally bleaches rods, S-,
and M/I-cones,'8203435 and the topographic changes in
reflectance caused by 500 nm light represents the bleaching
of all types of photoreceptors. There were high peaks of light
reflectance changes at the fovea and the circular region
surrounding the macula at an eccentricity of the optic disc (Fig.
1D). The time course of the light reflectance changes was
monophasic at the fovea, but biphasic at the temporal retina.
The biphasic time course was observed at all retinal locations
except for the fovea, and can be explained by the bleaching
processes of rod photoreceptors, that is bleaching of 11-cis-
retinal to Meta-l intermediates (peak 380 nm) for the initial
phase and the bleaching of Metalll intermediates (peak 465
nm) to all-transretinal and opsin in the late phase.3%37 These
findings indicated that the response topography at the fovea is
dominated by bleaching of cones and that in the peripheral
region is dominated by bleaching of rods.

Both the S-cones and rods are sensitive to 445 nm,!8:20.3435
and the topographic changes in the reflectance pattern after
bleaching with the green (445 nm) filter represents mainly the
bleaching of both rods and S-cones. However, the M/L cones
also absorb this wavelength. As with bleaching with 500 nm,
the bleaching profile showed that there were peaks of light
reflectance changes at the fovea and the circular region
surrounding the macula (Fig. 1E). However, the foveal peak
was not steep as with 590 or 500 nm but more rounded. This
indicated that the reflectance topography at the fovea was not
dominated by bleaching of M/L-cones, which should be the
maximum at the foveal center. The time course of the light
reflectance changes was monophasic at the fovea but biphasic
at the temporal retina, as it was with 500 nm. This indicated
that the reflectance topography in the peripheral region is
dominated by the bleaching of rods.3¢:37

Mapping Rod and S-Cone Responses Based on
Bleaching Time Course

The time courses of the reflectance changes during bleaching
by 500 nm of different intensities are shown in Figure 2A. With
high intensity of 6.54 log scot. tld, the reflectance changes
were greater at the fovea (39.9%) than at the temporal retina
(20.4%) 8 minutes following the onset of bleaching (Fig. 2A,
red line). With low intensity light of 4.73 log scot. tld, the light
reflectance changes were lower at the fovea (1.03%) than at
the temporal retina (2.28%, Fig. 2A, black line). In addition,
during the initial three minutes of bleaching with low intensity
light, the foveal response was minimal and remained at 0.1%
(Fig. 2B, solid line). This indicated that bleaching of rod
photoreceptors could be isolated by measuring the reflectance
changes with low light intensity during the initial three
minutes. Thus, the topographic distribution of the bleaching
of rods could be obtained, and it had a donut-shaped circular

<

reflectance value at 12.5 sec after the onset (arrowbead in E) (F). The response at the temporal retina remains almost flat between 12.5 to 35.0
seconds in (F). (G, H) The response topographies for 445 nm at 35.0 seconds shown in (F) and (H) measured in the perimacular region in (G). The
color scale indicates the relative reflectance changes (%) at 35.0 minutes to the reflectance at 12.5 minutes. Data from Monkeys 2 and 1 are

presented for rod and S-cone, respectively.
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along the foveal center (Jower). (A) Response topographies for the M/L cones obtained by 5.35 log phot. td between 60 to 180 seconds following
the illumination. (B) Response topographies for the rods obtained by 4.73 log scot. tld between 52.5 to 150 seconds following the illumination. The
response profiles outside the region of interest are shown as dotted lines. (C) Response topographies for the S-cone, obtained by 4.58 log phot. td
between 30 to 60 seconds following the illumination. Locations of the retinal vessels are overlaid by white lines. Zero degree in the response profile
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pattern with an annular peak at an eccentricity of 9.4 to 14.0
degrees from the fovea (Fig. 2D).

The light reflectance changes with 445 nm of 4.58 log phot.
td during the initial 75 seconds are expanded in Figure 2E. The
time-course at the temporal retina was flatter 12.5 seconds
after the onset of bleaching (Fig. 2E, blue line). The reflectance
changes relative to the reflectance value at 12.5 seconds after
the onset (arrowhead in Fig. 2E) are re-plotted in Figure 2E
During the initial 22.5 seconds (underlined by gray), the degree
of reflectance increased to 13.7% at the fovea (red line), but
remained flat at the temporal retina (blue line). The light
reflectance at the peripheral region did not increase during
this period due to the conversion from Meta-l intermediates
(peak 380 nm) to MetaIll intermediates (peak 465 nm) of the
rod photopigments.3537 These changes indicated that the
topography obtained during this period did not reflect the
responses of rods but was dominated by S-cones. Thus, the
topography of S-cone bleaching in the macula could be
obtained, and it had a volcano-shaped activation with the
foveal center largely excavated (Fig. 2H). This is considered to
reflect the reduced number of S-cones at the fovea.

Functional Topography of M/L Cones, Rods, and S-
Cones

By considering the preferred wavelengths and the character-
istic time courses of the reflectance changes, we have shown
the functional topographies of the M/L-cones, rods and S-cones
in two monkeys (Fig. 3) in horizontal and vertical sections. The
distribution of M/L-cones response had a steep peak at the
foveal center and was elongated horizontally. The distribution
of rod responses was minimum at the foveal center and
maximum along the circular region at the eccentricity of the
optic disc. The distribution of S-cone responses was highest at
the fovea and was excavated centrally. There was a circular
region with the maximal responses at 0.38 to 1.0 degrees from
the foveal center.

Discussion

‘We determined the functional topographic maps of rods, M/L-
cones, and S-cones based on the differences in retinal
reflectance changes after a selective bleaching of the photo-
pigments by using a flood illumination camera system. A
confocal SLO system also could have been used because it has
the better spatial resolution. In addition, the intensity of
illumination falling on the retina can be homogeneous and
modifications of the optical pathway would not be needed as
with the fundus camera. However, the most important part of
this study was not the imaging resolution alone, but the ability
to obtain functional topographic maps of different types of
photoreceptors by using different combinations of wave-
lengths, stimulus intensities, and stimulus durations (Fig. 2).
These combinations allowed us to segregate the responses of
the different types of photoreceptors. We conducted prelim-
inary experiments with various band pass interference filters
and concluded that the combination of 445, 500, and 590 nm
filters was ideal for our purposes. In that sense, the simplicity
of a flood illumination camera system was advantageous for us.

In the M/L cones (Fig. 3A), the reflectance pattern was
approximately equal to that obtained by anatomical studies in

Rod and Cone Photoreceptors 2801

macaque and human retinas>4 The reflectance distribution
was elongated horizontally with a peak at the foveal center.

In the rods (Fig. 3B), the reflectance changes were minimal
at the foveal center, and increased rapidly toward the
periphery. The reflectance distribution had a “rod ring” at
the eccentricity of the optic disc, that is 9.4 to 14.0 degrees
from the center as has been detected by anatomical studies.>#
The vertical gradient toward the superior retina described by
Curcio et al.34 could not be observed, but instead, the rod
responses were maximum at the temporal region along the rod
ring.

In the S-cones (Fig. 3C), the reflectance distribution had a
volcano-like excavation at the foveal center. The S-conefree
region at the foveal center has been found in macaques and
humans anatomically>>7 and psychophysically.!*:13:38 Qur
results showed that S-cones are functionally minimal at the
foveal center in the macaques. The diameter of the ring-shaped
peaks with maximal reflectance changes was 0.83 degrees
(vertically) x 0.75 degrees (horizontally) in M1 and 1.99 x 1.55
degrees in M2 (Fig. 1C). The eccentricities of the S-cone peaks
were within the variations of those obtained by anatomical?37
and psychophysical studies.!:13-3% The locations of the peaks
of the S-cone responses varied among individuals and the ring-
shaped peaks looked vertically elongated. We should note that
the reflectance topography of S-cones was shown reliably only
in the macular region because the S-cone activities in the
periphery were relatively small'? and were cancelled by the
rod-induced light reflectance changes (Fig. 2E and 2F).

There are some discrepancies between the results of earlier
anatomical studies and our imaging results. This is because the
densitometry technique does not depend solely on the density
of photoreceptors, but also on the length of photoreceptor
outer segments, that is density of photopigments in each
photoreceptor. The goal of our study, however, was not to map
the density of the photoreceptors, which has been done
already through the series of studies by Curcio et al.,3-> but to
draw the activity-dependent topography of the photorecep-
tors, which may confirm and augment the response topogta-
phy obtained by, for example, mutifocal ERGs.

In our technique of fundus reflectometry, the optical
pathway was adjusted to illuminate the posterior retina
homogeneously so that the results reflected the relative
reflectance distribution more accurately. However, there are
some possible artifacts by which the reflectance changes may
be either over- or underestimated in particular regions. First,
the presence of scattered light from the inner limiting
membrane and nerve fiber layer around the macula may cause
an underestimation of the bleach-induced light reflectance
changes.3! A quantitative evaluation of this scattering effect
was very difficult to obtain because the topographies we had
presented did not seem to be affected by such artifacts in the
peri-macular regions (Fig. 3A).

Second, the effect of intrinsic optical signals, which reflect
the hemoglobin-induced light reflectance changes following
neural activation, must be considered.3%-4° The intrinsic signals
also would be observed in the retina as stimulus-induced light
reflectance decreases.1-43 The intrinsic signals are prominent
at a wavelength with the maximum hemoglobin absorption
(540-580 nm), and in our response topographies, regions
corresponding to the optic disc and large retinal vessels, which
are rich in red blood cells, might have had relatively smaller
reflectance increases due to the intrinsic signals (Figs. 1 and 3).
The maximal light reflectance decrease due to intrinsic signals

i
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indicates the location of fovea. The location of the optic disk is indicated by an asterisk. Data from Monkeys 1 and 3 for M/L cone, Monkeys 2 and 3

for rods, and Monkeys 1 and 2 for S-cones are presented.
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in our recording protocol, however was estimated to be 1.0%
to 2.0% at the optic disc, where intrinsic signals could be solely
and maximally observed.*? Thus, the intrinsic signals probably
had little effect on the overall bleaching topographies.

Third, the Stiles-Crawford effect,* the directional sensitivity
of the cone photoreceptors, may change the reflectance
intensities depending on the position of the illumination
center over the retina. In the horizontal response profiles of §-
cones (Fig. 3C), the circular peak response was slightly higher
in the temporal fovea than in the nasal fovea. This was
considered to reflect the Stiles-Crawford effect because the
illumination was centered 2.56 degrees temporal to the foveal
center, and the rays of light passed cone photoreceptors less
oblique at the temporal fovea than at the nasal fovea.

The bleach-induced reflectance changes are affected by
such artifacts and may not reflect the distribution of
photoreceptor activities accurately.

A clinical application of this technique may not be easy
because subjects must keep staring at the fixation target with
very bright background illumination for relatively long times.
However, there are recent reports using SLO3L:4546 or a
snapshot imaging system33 to measure cone- or rod-induced
response topography. Unfortunately, the response distribution
of rods or S-cone responses cannot be extracted accurately as
in this study. Our results will provide us with valuable
photoreceptor activities in macaque retinas, which can
complement those obtained either anatomically?>7 or psy-
chophysically, 10-15.38
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A Longitudinal Study of Stargardt Disease: Clinical
and Electrophysiologic Assessment, Progression,
and Genotype Correlations

KAORU FUJINAMI, NOEMI LOIS, ALICE E. DAVIDSON, DONNA S. MACKAY, CHRIS R, HOGG,
EDWIN M. STONE, KAZUSHIGE TSUNODA, KAZUO TSUBOTA, CATEY BUNCE, ANTHONY G. ROBSON,

ANTHONY

» PURPOSE: To investigate the clinical and electrophysi-
ologic natural history of Stargardt disease and correlate
with the genotype.

s DESIGN: Cohort study of 59 patients.

o METHODS: Clinical history, examination, and electro-
physiologic assessment were undertaken in a longitudinal
survey. Patients were classified into 3 groups based on
electrophysiologic findings, as previously published:
Group 1 had dysfunction confined to the macula; Group
2 had macular and generalized cone system dysfunction;
and Group 3 had macular and both generalized cone and
rod system dysfunction. At baseline, there were 27
patients in Group 1, 17 in Group 2, and 15 in Group 3.
Ammplitude reduction of > 50% in the relevant electrore-
tinogram (ERG) component or a peak time shift of
>3 ms for the 30 Hz flicker ERG or bright flash
a-wave was considered clinically significant ERG deterio-
ration. Molecular screening of ABCA4 was undertaken.
s RESULTS: The mean age at baseline was 31.7 years,
with the mean follow-up interval being 10.5 years. A total
of 22% of patients from Group 1 showed ERG group
transition during follow-up, with 11% progressing to
Group 2 and 11% to Group 3. Forty-seven percent of
patients in Group 2 progressed to Group 3. There was
clinically significant ERG deterioration in 54% of all
subjects: 22% of Group 1, 65% of Group 2, and 100%
of Group 3. At least 1 disease-causing ABCA4 variant
was identified in 47 patients.
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o CONCLUSIONS: All patients with initial rod ERG
involvement demonstrated clinically significant electro-
physiologic deterioration; only 20% of patients with
normal full-field ERGs at baseline showed clindcally
significant progression. Such data assist counseling by
providing more accurate prognostic information and are
also highly relevant in the design, patient selection, and
monitoring of potential therapeutic interventions. {(Am
] Ophthalmol 2013;E B. © 2013 by Elsevier Inc.
All rights reserved.}

TARGARDT DISEASE IS ONE OF THE MOST COMMON
inherited retinal disorders, with
1 in 10 000. It is inherited as an autosomal recessive
trait."™ Most cases present with central visual loss and
there is typically macular atrophy with vellow-white flecks
at the posterior pole, which are at the level of thx retinal
pigment epithelium (RPE). Autofluorescence  (AF)
imaging and fluorescein angiography can be }‘wlpfui in
confirming the diagnosis.*™ The age of onset is usually in
the early teens, but there is wide variation, with a later
age of onset being associated with a better
Prognosis. e

Since the discovery of ABCA4 variants underlying Star-
gardt disease, multiple studies have described the
phcnots pic variability in ABCA4-associared
athy * " There is also extensive allelic heterogeneity,
with more than 600 sequence va
been reported to date in the ABCA4 gene.
2 features g 1(;1\}‘*("}711(11(;1MPO
correlations challenging. A previous cross-sectional study
of 63 patients with Stargardt disease l ssified subjects into
3 functional electrorerinogram (ERG) phenotypes: Group
1t dysfunction confined to the macula; Group 2: macular
and generalized cone ERG ahnormalities; and Group 3
macular and hoth generalized cone and rod ERG abnormal-
ities.”? Differences in rod or cone function between Qroups
could not be explained by differences in age of onset or dura-
tion of disease. It was thereby concluded that these 3 g roups
may represent distinct phenotypic subtypes of Stargardt
disease and it was suggested, based on the crc-ssrsectumal
data, that patients in Group ! were likely to have a more

a Ppic revalence of

visual

wide

retinop-

ns  having
330 ~
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make comprehensive

favorable prognosis.




The purpose of the present study was to determine
whether longitudinal data from a cohort of Stargardt
disease patients support the value of full-field ERG to visual
prognosis previously suggested hy cross-sectional data. We
have assessed the progression of Stargardr disease by
repeated clinical and electrophysiologic examinations
over time and probed whether the initial phenotype
predicts long-term prognosis.

PATIENTS AND METHODS

A COHORT OF 539 PATIENTS WITH A CLINICAL DIAGNOSIS OF
Stargardt disease and a minimum of 7 vears of follow-up
were ascertained at Moorhelds Eye Hospital. All patients
were first diagnosed between 1997 and 2000, with the latest
examinations performed between 2009 and 2011. The
baseline clinical and electrophysiclogic characteristics of
33 of these 59 patients have been previously reported.”!
The panel included 5 sibships (4 sibling pairs and 1 set of
3 siblings). Informed consent was obt'uncd from all partic-
ipants. Blood samples were taken from all individuals for
DINA extraction. The protocol of the study adhered to
the tenets of the Declaration of Helsinki and was approved
by the Ethics Committee of Moorfields Eye Hospital.

s CLINICAL ASSESSMENT: Fifty-nine patients were assessed
on at least 2 occasions, with the first and most recent visits
taken as the baseline and “follow-up™ examinations, respec-
tively, for the purposes of data analysis. A full medical history
comprehensive ophrhalmologic exami-
nation petformed for all patients. The age of onset was
defined as the age at which visual loss was first noted by the
patient. The duration of the disease was calculated as the
difference between age at onset and age at the baseline exam-
ination when an electrophysiologic assessment was obtained.
The interval of observation was determined by the difference
berween the age at baseline and the age at the most recent
electrophysiologic Clinical  assessment
included best-corrected Snellen visual acuity (converted to
equivalent logarithm of minimal angle of resolution
[logMAR] visual acuity for the purpose of data analysis),
dilated ophthalmoscopy, and color fundus photography.

was obtained and a

examination.

o ELECTROPHYSIOLOGY: All patients underwent electro-
physiologic assessment, to include full-field ERG and
pattern electroretinography (PERG), mcolpoxatmu the
minimum standards of the International Society for Clin-
ical Electrophysiology of Vision (ISCEV).***® ERG
examination was comprehensive and included: (1) dark-
adapted dim flash 0.01 candela second (cd-s)/m* (dark-
adapted 0.01); (2) dark-adapted bright flash 11.0 cd s/m”
{dark-adapted 11.0); (3) light-adapted 3.0 cd-s/m* 30 Hz
flicker ERG (light-adapted 30 Hz); and (4) light-adapted

3.0 ed-s/m® at 2 Hz (light-adapred 3.0). All recordings
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were performed with gold-foil recording elecirodes with
reference electrodes at the ipsilateral outer canthi.
The patient data were compared against those of 16

healthy subjects vounger than 50 vears and 19 subjects
older than 50 years, to maintain consistency with the orig-
inal cross-sectional study.™'?% PERGs were compared
against those from 28 normal subjects, with N93 peak
time not being used for interpretation because of its
accepted variability.”® The limits of ERG normality were
defined for all the con‘lponem‘s of the ERG and PERG as
the mean value *2 standard deviations ( Qupﬂlcmemal

ables 1 and 2, available at AJO.com). The threshold
values for the minimum amplitude/maximum peak time
for subjects younger than 50 years were defined as
135 wV/107 ms (dark-adapted 0.01), 250 pV/13 ms and
320 wV/56 ms {dark-adapted 11.0 a- and b-wave, respec-
tively), 70 pV/27 ms (light-adapted 30 Hz), and 30 pV/
15 ms and 95 pV/32 ms (light-adapted 3.0 a- and b-
wave, tespectively); and for patients older than 50 years
as 30 wV/117 ms {dark-adapted 0.01), 105 uV/16 ms and
235 pV/57 ms (dark-adapted 11.0 a- and b-wave, respec-
tively), 50 wV/29 ms (light-adapted 30 Hz); and 15 pV/
16 ms and 90 wV/32 ms (light-adapted 3.0 a- and b-
wave, respectively). The threshold values for the PERG
P50 minimum amplitude/maximum peak time were defined
as 2.1 pV/58.5 ms.

All the components of the ERG and PERG from each
eye were taken into account when classifving
into 1 of the 3 ERG groups at baseline and follow-up.
Group 1 was defined as PERG abnormality with normal
ERGs. In Group 2, there was PERG abnormality and
abnormal cone function (assessed with light-adapred
30 Hz and light-adapted 3.0) on ERG. In Group 3, there
was additional rod ERG abnormality {ass
adapted 0.01 and dark-adapted 11.0). Th
cation was based on the more severe eve in the small
number of patients with different ERG groups hetween
eves. The data obtained at follow-up were compared with
those at baseline. Concordance for ERG group between
siblings was defined as siblings having the same ERG group
classification both at baseline and at follow-up.

Amplitude reduction was calculated as the difference
between amplitude at baseline and at follow-up. The
percentage reduction in amplitudes
dividing the amplitude reduction by baseline amplitude.
A yearly amplitude reduction and a year!
reduction were calculated by dividing the amplitude reduc-
tion or the percentage reduction by the follow-up time. A
yearly peak time shift (difference between peak time at
baseline and at follow-up) was also calculated by dividing
by the follow-up time.

An amplitude reduction of over 50% in any ERG
component andfor a peak time shift of over 3 ms for the
light-adapted 30 Hz ERG or dark-adapted 11.0 ERG a-
wave were considered evidence of clinically significant
ERG  deterioration/progression. Patients wers
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classified into 2 subsets: those with clinically significant
ERG deterioration and those without significant ERG dete-
rioration {stable ERG).

o MUTATION SCREENING: Mutation analysis was per-
formed using the single-stranded conformation polymor-
phism (SSCP) qnatury of the whole coding region of
ABCA4 in 33 subjects®® and the arrayed primer extension
{APEX) microarray (ABCR400 chip; Asper Ophthalmics,
Tartu, EStOhi'l) for previously reported variants in 27
patients.” Direct Sanger sequencing was done in siblings
of probands and parents, when available, to confirm segre-
gation of alleles, as well as in 8 subjects either to confirm
putative novel variants or where the variants found with
SSCP and APEX differed (Supplemental Table 3, available
at AJO.com).

Non-null variants were analyzed using 2 software predic-
tion programs: SIFT (Sorting Intolerant from Tolerant;
hitp:/Jsift.jcvi.org/)*” and PolyPhen? (http://genetics.bwh.
harvard.edu/pph/index.html).*® All variants were also
analyzed for their effect on ‘sphcmﬂ using the Human
Splicing Finder program, version 2.4.1 (http://www.umd.
he/HSF/). All variants were compared with variants in
the Exome Variant Server, NHLBI Exome Sequencina
Project, Seattle, Washington, USA  (hitp:/fsnp.gs
washington.edu/EVS/).

Each patient was classified into 4 mutually exclusive
roups on the basis of the molecular analysis:
{A) patients with at least 1 null variant, (B) subjects
with 2 or more non-null variants, (C) individuals with 1
non-null variant, and (D) patients with no detectable vari-
ants. Null variants were those thar would be expected to
affect splicing, or to introduce a premature truncating
codon in the protein if manslated. The rerm “variants”
for the purpose of this study includes those sequence

changes previously shown to be enriched in Stargardt
patients from prior studies, or for very rare variants, those
not found at an allele frequency greater than 0.1% on the
exome variant database {Accessed March 1, 2012)

genotype g

o STATISTICAL ANALYSIS: Statistical analysis has been
undertaken using data from only 1 eye in each subject.
For the 57 patients with the same ERG grouping in hoth
eyes, the eye used for analysis was selected according to
the Random Integer Generator (http:/fwww.random.org/).
For the 2 patients (Patients 26 and 48) with a different
ERG group in each evye,
ERG urfmpin3 {ie, more generalized retinal dysfunction)
was selected for analy

The Mann-Whitney U test was used to explore whether
differences observed between patients with clinically signif-
jcant electrophysiologic deterioration and those without
were statistically significant with regard ro age of onset, dura-
tion of disease, age at baseline, the inrerval of observation,
logMAR visual acuity at baseline, logMAR visual acuity
reduction (defined as the difference berween visual acuity

the eve with the more severe

Vor @, No. &

at haseline and ar follow-up), and yearly percentage ampli-

tude reduction and yearly peak time shift in both the
light-adapted 11.0 a-wave and light-adapted 30 Ha.

The Kruskal-Wallis test with Steel-Dwass multiple
comparisons was performed to compare the 3 baseline
ERG groups (ERG Group 1, Z, and 3) and the 3 genotype
groups {genotype A, B, and C) for the 10 aforementioned
parameters. Where evidence was found of a difference
between these groups, all pairwise comparisons were made.

The association between genotype group classification
and baseline ERG group classification was tested using
the Goodman-Kruskal gamma, a measure of association
for ordered categories ranging between —1 and +1 for
perfect negative or positive association, respectively. P
values less than .05 were considered to indicate statistical
significance.

All analyses were conducted using MedCalc statistica
software version 9.2.1.0 (MedCalc Software, Ostend,
Belgium) and Excel Tokei 2010 (Social Survey Research
Information Co Ltd, Tokyo, Japan).

CUNICAL AND ELECTROPRHYSIOLOGIC STUDY OF STARGARDT [DISEASE

RESULTS

e CLINICAL FINDINGS: Fifty-nine patients, 31 female
(52%, 31/59) and 28 male (48%, 28/59), were included
in the study. All complained of central visual loss with
a median age of onset of 20.8 years {range, 5-48 vears)
and 2 median duration of disease of 10.9 years (range,
0-31 years). The median ages at baseline and at follow-up
and 42.2 years (range, 8-64 and 20-73 years),
respectively. The mean follow-up interval was 10.5 vears
(range, 7-13 years). Seven patients (12%, 7/59) presented
hefore 16 vears of age and 52 (88%, 52/59) presented afl'@r
age 16 vears. The median logMAR visual acuities (VA) a
baseline and at follow-up were 0.93 {range, 0.0-2.0) md
1.22 (range, 0.0-3.0), respectively, with a median logMAR
VA reduction during the follo\\»up interval of 0.29
(mnoe ~O 78-2.0).
in Table 1 and the eye selected for data analysis is shown
in Suppiemem:ai Table 3 (available at AJO.com).

At baseline, there were 27 patients {(46%, 27/59) in
Group 1, 17 (29%, 17/59) in Group 2, and 15 (25%, 15/
59) in Cnoup 3, compaved at follow-up to 21 patients
(36%, 21/59) in Group 1, 12 (20%, 12/39) in Group 2
and 26 (44%, 26/59) in Group 3 (Table 2). The median
age of onset for each haseline ERG group was 24.9 years
in Group 1, 20.4 vears in Group 2, and 14.0 vears in Group
3. The median age (vears) at examination/logMAR visual
acuity at baseline and follow-up for each baseline ERG
group was 34.4/0.78 and 45.0/1.00, respectively, in Group
15 29.6/1.00 and 39.4/1.00, respectively, in C—mup 2; and
29.1/1.25 and 40.3/1.30, respectively, in Group 3 (Table 3).

(,olor fundus p 1Ot001aphs of eyes in 3 representati

cs (Patients 17, 42, and 53) are shown in Figure 1; their

were 31.7

The clinical findings are summarized

(WA



TABLECIlmcal Dataand 'Mbigéﬂlérj Genét Statijs: f59Pat1entsW1th Stargérdf Diéease ~

Age ()

fogMAR VA

Pt Onset {y) BL FU BL FU Variants [dentified”
1 16 17 26 0.0/1.0 0.0/0.48 c.768G>T / p.Gly863Ala / p.Arg943Gin
2 15 17 25 0.78/0.78 1.0/1.0 p. Arg1443His
3 11 18 27 0.78/1.0 1.0/1.0 p.Trpd39* / p.Gly863Ala / p.Leu1970Phe
4 19 21 32 0.78/0.78 1.0/1.0 p.Leu2027Phe
5 10 22 30 0.48/0.48 1.0/0.78 p.Gly863Ala/ p. Arg843Gin/ c.5461-10T>C
3] 18 26 37 0.78/1.0 1.0/1.0 p.Pro1380Phe
7 25 28 40 0.78/1.0 1.3/0.78 ND
8 24 29 38 1.0/0.78 1.0/1.0 p.Phed188er / p.Leu2027Phe
I¢] 24 31 44 1.0/1.0 1.3/1.0 €.4253+-5 G>T / p.Gly1507Arg
10 28 32 44 0.78/0.78 1.0/1.0 p.Cys1490Tyr / p.Arg2030GIn
11 31 34 46 0.18/0.3 0.6/0.7 ND
12 17 35 47 1.0/1.0 1.0/1.0 p.Asn86His
13 23 35 45 1.0/0.3 1.0/0.48 p.Gly1513Profs*1554
14 33 37 48 (.18/1.48 1.0/1.3 ND
15 38 40 51 0.18/0.78 1.0/1.0 p.Arg2107His
18 42 43 53 0.0/0.0 1.0/1.0 ND
17 22 48 59 1.0/1.0 1.0/1.0 p.Cys54Tyr
18 20 49 59 1.0/0.6 1.0/1.0 0.Pro1380Leu / p.Gly1861Glu
19 35 50 81 1.0/0.3 1.0/1.0 p.Arg1108Cys
20 25 56 67 1.3/0.18 1.0/1.0 p.Trp439* / p.Gly863AlIa
21 48 59 71 1.0/0.78 1.0/1.0 p. le156 Val / p. Cysi4554rg / o.
Phe1839Ser
22 21 22 31 0.3/1.0 1.0/1.0 p.Arg2107His
23 21 23 33 1.6/1.0 1.0/1.0 p.Gly863Ala
24 48 84 73 0.0/1.0 0.18/3.0 p.Tyr1652%
25 17 19 29 0.78/0.3 1.0/1.0 c.53461-10 T>»C
28 17 21 33 1.0/0.78 1.0M1.0 ND
27 27 53 66 1.78/1.78 1.3/1.0 p.Ser1071Cysfs" 1084
28 5 14 21 0.78/0.78 1.0/1.0 p.Arg408* / p.Val675le
29 9 15 27 1.08/1.08 1.0/1.0 p.Cys2150Tyr
30 14 24 32 1.0/0.78 1.0/1.0 ND
3t 18 28 39 1.0/1.0 1.0/1.0 p.Gly863Ala / p.Arg1108Cys / p.Arg943Gin
32 14 29 37 1.0/1.0 1.0/1.0 p.Arg653Cys / p.Arg2030GIn
33 i9 29 40 1.0/1.0 1.0/1.08 ND
34 34 40 49 0.3/0.48 1.0/1.0 p.Gly863Ala / p.Glu1067Lys
35 25 43 54 1.0/1.0 1.0/1.0 p.Cys54Tyi / p.Gly863Ala
36 38 &80 69 1.0/1.0 1.3/1.08 p.Vai93iMet / ¢.5461-10 T»C
37 10 11 20 1.0/0.78 1.3/1.3 p.Pro1380Leu
38 10 15 23 1.0/1.0 1.3/1.3 ©.Ser1071Cysfs"1084 / p.Pro1380Leu
38 24 25 38 1.56/0.3 2.0/2.0 c.5461-10 T>>C / ¢.5714-45 G=A
40 18 26 36 1.831.3 2.0M1.3 ND
41 32 33 45 0.48/0.48 1.0/1.0 ND
42 32 35 48 1.3/0.0 3.0/1.0 p.Cysb4Tyr
43 30 35 45 0.48/0.48 2.0/1.83 ND
44 15 41 49 1.3/1.3 2.0/1.3 p.Asn965Ser
45 8 8 20 0.78/0.78 1.0/1.0 . Thr1019Met
46 10 11 23 1.0/1.0 1.0/1.0 p.Thri019Met
47 8 12 24 2.0/1.56 1.78/1.48 0.Cys2150Tyr
48 17 18 26 1.0/0.78 1.3/1.0 ¢.5461-10 T>C / p.Leu2027Phe
48 8 21 33 1.3/1.3 2.0/2.0 p.AspS5T74Aspfs*b82
50 8 27 39 2.0/1.56 1.78/1.48 ¢.5461-10 T>C
51 24 31 43

1.18/1.18

1.08/1.3

p.Arg1840Trp / p.Leu2027Phe

Continued on nexi page
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