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Abstract

Purpos e:  To evaluate the corneal Funct ional Opt ical Zone (FOZ) and the Effect ive Opt ical Zone 

(EOZ) of  t he ablat ion,  among eyes that  underwent  LASEK/ Epi-LASEK t reatments for hyperopic 

ast igmat ism.

Methods:  Twenty LASEK/ Epi-LASEK t reatments with mean defocus +2.21 ± 1.28 D performed using 

t he SCHWIND AMARIS were ret rospect ively evaluated at  6-month fol low-up.  In al l  cases pre-/

post -operat ive Corneal -Wavef ront  analyses using t he Kerat ron-Scout  (OPTIKON2000) were 

performed. FOZ-values were evaluated from the Root-Mean-Square of High-Order Wave-Aberrat ion 

(RMSho), whereas EOZ-values were evaluated from the changes of Root-Mean-Square of High-Order 

Wave-Aberrat ion (DRMSho) and Root -Mean-Square of the change of High-Order Wave-Aberrat ion 

(RMS(DHOAb)).  Correlat ions of  FOZ and EOZ wit h Planned Opt ical  Zone (POZ) and Defocus 

correct ion (SEq) were analyzed using a bilinear funct ion.

Result s:  At  six-month, defocus was —0.04 ± 0.44 D, ninety percent  eyes were within ±0.50 D from 

emmet ropia.  Mean RMSho increased 0.18 ± 0.22 mm,  SphAb —0.30 ± 0.18 mm,  and Coma 

0.07 ± 0.18 mm 6-month after t reatment  (6-mm diameter). Mean FOZPre was 7.40 ± 1.48 mm, mean 

POZ was 6.76 ± 0.22 mm,  whereas mean FOZPost  was 5.53 ± 1.18 mm (signif icant ly smal ler, 

p < 0.0001; bil inear correlat ion p < 0.005),  mean EOZDRMSho 6.47 ± 1.17 mm (bil inear correlat ion 

p < 0.005),  EOZRMS(DHOAb) 5.67 ± 1.23 mm (signiÞ cant ly smaller,  p < 0.0005;  bil inear correlat ion 

p < 0.05). EOZ posit ively correlates with POZ and declines steadily with SEq. A t reatment  of +3 D 

in 6.50-mm POZ result s in 5.75-mm EOZ (7.75-mm NPOZ), t reatments in 7.00-mm POZ result  in 

about  6.25-mm EOZ (8.25-mm nomogrammed POZ).
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Conclusions:  FOZPost was signiÞ cant ly smaller than FOZPre.  EOZDRMSho was similar to POZ, whereas 

EOZRMS(DHOAb) was signiÞ cant ly smaller.  Dif ferences were larger for smaller POZ or larger Defocus. 

SEq up to +2 D result  in EOZ, at  least , as large as POZ. For SEq higher than +2 D, a nomogram for 

OZ can be applied.

© 2011 Spanish General Council of Optometry. Published by Elsevier España, S.L. All rights reserved.

Zonas ópticas asféricas en hipermetropía con el SCHWIND AMARIS

Resumen

Obj et ivo: Evaluar la zona ópt ica funcional (ZOF) y la zona ópt ica eÞ caz (ZOE) de la ablación de la 

córnea en oj os somet idos a t ratamientos LASEK/ Epi-LASEK para ast igmat ismo hipermetrópico.

Métodos:  se evaluaron ret rospect ivamente, a los 6 meses de seguimiento, 20 t ratamientos LASEK/

Epi-LASEK con un desenfoque medio de +2,21 ± 1,28 D real izados con el SCHWIND AMARIS. En 

t odos los casos se l l evaron a cabo anál isis de f rent e de onda de la córnea (Wavef ront ) 

preoperatorios y postoperatorios ut il izando el Kerat ron-Scout  (OPTIKON2000). Los valores de la 

ZOF se evaluaron a part ir de la raíz cuadrát ica media de la aberración de frente de onda de orden 

superior (RMSho), mient ras que los valores de la ZOE se evaluaron a part ir de los cambios de la raíz 

cuadrát ica media de la aberración de f rent e de onda de orden superior (nRMSho) y la raíz 

cuadrát ica media del cambio de la aberración de frente de onda de orden superior (RMS(RHOAb)). 

Se anal izaron las correlaciones de la ZOF y la ZOE con la zona ópt ica planif icada (ZOP) y la 

corrección del desenfoque (SEq) ut ilizando una función bilineal.

Resul t ados:  Al cabo de 6 meses,  el  desenfoque era de —0,04 ± 0,44 D;  el  90% de los oj os se 

encont raban dent ro de ± 0,50 D de la emet ropía. La RMSho media aumentó en 0,18 ± 0,22 mm, 

SphAb —0,30 ± 0,18 .m y Coma 0,07 ± 0,18 .m 6 meses después del t ratamiento (diámet ro de 6 

mm). La ZOFPre media fue de 7,40 ± 1,48 mm, la ZOP media de 6,76 ± 0,22 mm, mient ras que la 

ZOFPost  media fue de 5,53 ± 1,18 mm (signiÞ cat ivamente inferior, p < 0,0001; correlación bilineal, 

p < 0,005),  la ZOE(RMSho) media fue de 6,47 ± 1,17 mm (correlación bi l ineal  p < 0,005),  la 

ZOERMS(HOAb) 5,67 ± 1,23 mm (signif icat ivament e inferior,  p < 0,0005;  correlación bi l ineal 

p < 0,05). La ZOE se correlaciona posit ivamente con la ZOP y disminuye de manera constante con 

la SEq. Un t ratamiento de +3 D en ZOP de 6,50 mm resulta en ZOE de 5,75 mm (7,75 mm ZOPN); 

los t rat amient os en ZOP de 7,00 mm resul t an en una ZOE de unos 6,25 mm (8,25 mm ZOP 

nomogramada).

Conclusiones:  La ZOFPost  fue signiÞ cat ivamente inferior a ZOFPre. LA ZOE(RMSho fue similar a la 

ZOP,  mient ras que la ZOERMS((HOAb) fue signif icat ivament e inferior.  Las diferencias fueron 

mayores para la ZOP inferior o desenfoque mayor. Una SEq de hasta +2 D da lugar a una ZOE, como 

mínimo, tan grande como la ZOP. Para una SEq superior a +2 D, puede aplicarse un nomograma 

para ZO.

© 2011 Spanish General Council of  Optomet ry. Publicado por Elsevier España, S.L. Todos los derechos 

reservados.

The prof i les et ched ont o t he cornea and t hei r  opt ical 
inf luence great ly di f fer bet ween myopic and hyperopic 
correct ions1.  Complaint s of  ghost ing,  blur,  haloes,    glare, 
decreased cont rast  sensit ivity, and vision disturbance2 have 
been document ed wit h small  opt ical zones in hyperopia, 
especial ly when t he scot opic pupi l  di lat es beyond t he 
diameter of the surgical opt ical zone3,  and these symptoms 
may be a source of    l ess pat ient  sat isf act ion4.  This i s 
support ed by cl inical  f indings on night  vision wit h smal l 
ablat ion diamet ers5 as wel l  as large pupi l  sizes3, 5 and 
at   tempted correct ion6.  Although increasing the size of  the 
planned ablat ion zone has reduced the incidence of  these 
complaint s7,  i t  has not  el iminat ed t hem.  Ref ract i ve 
procedures t end t o induce aberrat ions t hat  af fect  visual 
performance8.  Special ablat ion pat terns were designed to 
preserve the preoperat ive level of high-order aberrat ions9,  

if  t he best -corrected visual acuit y,   in a given pat ient ,  has 
been unaffected by the pre-exist ing aberrat ions10.  Thus to 
compensat e for t he aberrat ions induct ion observed wit h 
other types of proÞ le deÞ nit ions11,  some of those sources of 
aberrat ions  are those related to the loss of efÞ ciency of the 
laser ablat ion for non-normal  incidence12.  Met hods for 
determining funct ional o  pt ical zones (FOZ) after hyperopic 
refract ive surgery have been used previously1,13.

Laser ref ract ive surgery general ly  reduces low order 
aberrat ions (defocus and ast igmat ism),  yet  high-order 
aberrat ions,  part icularly coma and spherical  aberrat ion, 
may be si gniÞcant l y i ncreased14.  It  i s i mpor t ant  t o 
invest igat e t he ch anges in high-order  aber rat ions in 
opt imized hyperopic laser refract ive surgery15,  not  only to 
charact er ize t he ef f ect s  on vision out come,  but  al so 
to provide valuable informat ion for the design of customized 
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ablat ion algorit hms, which should el iminate both exist ing 
and surgically-induced high-order aberrat ions.

We recent ly publ ished our Þ ndings concerning EOZ for 
myopia16,  now we invest igated t he postoperat ive   corneal 
wavef ront  (CW) of  eyes t hat  underwent  successf ul 
refract ive surgery for hyperopia and obj ect ively determined 
t he FOZ and EOZ at  t he 6-mont h (6M) post operat i ve 
examinat ion.

Patients and methods

The Þ rst  consecut ive 20 compound hyperopic ast igmat ism 
(HA) t reat ment s (10 pat ient s),  t reat ed by MC using t he 
AMARIS Aberrat ion-FreeTM aspheric ablat ion with LASEK17 or 
Epi-LASEK18 techniques which comple  ted 6M follow-u  p were 
ret rospect ively analyzed.

Six-month follow-up was available in the 20 of these eyes 
(100 %), and their preoperat ive data were as follows: mean 
manifest  spherical defocus was +2.21 ± 1.28 D (range, +1.00 
to +5.00 D); mean manifest  ast igmat ism was 3.12 ± 1.71 D 
(range,  0.50 to 6.00 D).  In al l  eyes,  we measured corneal 
t opography and der i ved corneal  wavef ront  anal yses 
(Kerat ron-Scout ,  OPTIKON2000,  Rome,  It aly),  mani fest  
refract ion,  and uncorrected and best  spectacle-corrected 
Snel len visual  acui t y (UCVA and BSCVA,  respect ively). 
Measurements were performed preoperat ively and at  one, 
three, and six months after surgery.

All ablat ions were non-customized based on “ aberrat ion 
neut ral ”  prof i l es19 and calculat ed using t he ORK-CAM 
software mo dule version 3.1 (SCHWIND eye-tech-solut ions, 
Kleinostheim, Germany).

Mean planned opt ical  zone (POZ) was 6.76 ± 0.22 mm 
(range, 6.25 to 7.25 mm) with a variable t ransit ion size (TZ) 
automat ically provided by the laser related to the planned 
ref ract ive correct ion of  2.04 ± 0.71 mm (range,  0.96 t o 
2. 50 mm)  l eadi ng t o a t ot al  abl at i on zone (TAZ) 
8.81 ± 0.41 mm (range, 7.99 to 9.22 mm). The ablat ion was 
per f ormed using t he AMARIS excimer  l aser  (SCHWIND 
eye-tech-solut ions, Kleinostheim, Germany).

Since t he Scout  syst em has an eight  images buf fer,  we 
acquire systemat ically four topographic maps per eye and 
visit .  We have analyzed the results for all topographies and 
t aken t he median value.  We calculat ed a value for t he 
repeatability for each of the methods.

Analysis of the functional optical zone (FOZ)

For our analysis,  t he concept  of  equivalent  defocus (DEQ) 
has been used as a met ric to minimise the dif ferences in the 
Zernike coefÞ cients due to dif ferent  analysis diameters20.  
Seiler et  al. 21 described an increase in spherical aberrat ion 
wi t h pupi l  di l at i on i n corneas t hat  have undergone 
photorefract ive keratectomy but  not  in healthy corneas.

By analyzing corneal  Wave Aberrat ions for diamet ers 
st ar t ing f rom 4-mm,  we have increased t he anal ysis 
diameter in 10 mm steps and reÞ t  to Zernike polynomials up 
to the 7t h radial order,  unt il  t he corneal RMSho was above 
0.375 D for the Þ rst  t ime. This diameter minus 10 mm was 
determining the FOZ for that  case (Figure 1):

RMSho(FOZ) = 0.375D (1)

Analysis of the effective optical zone (EOZ)

Ef fect ive Opt ical  Zone (EOZ) can be def ined as t he part  
of  the corneal ablat ion area that  actually conforms to the 
t heoret ical  def init ion.  Again,  t he def init ion impl ies t hat  
the opt ical zone don't  need to be circular.

DRMSho method

By comparing postoperat ive and preoperat ive corneal Wave 
Aberrat ions increasing t he analysis diamet er unt i l  t he 
di f ference of  t he corneal  RMSho was above 0.375 D for 
the Þ rst  t ime (Figure 2, Top):

DRMSho(EOZ) = 0.375D (2)

RMS(DHOAb) method

By analyzing t he di f f erent ial  corneal  Wave Aberrat ions 
increasing the analysis diameter unt il the root -mean-square 
of  t he di f f erent ial  corneal  Wave Aberrat ion was above 
0.375 D for the Þ rst  t ime (Figure 2, Bot tom):

RMS[DHOAb(EOZ)] = 0.375D (3)

Mean value analyses

We analyzed the mean values of these met rics and assessed 
the stat ist ical signiÞ cance of  t he FOZPost compared t o t he 
FOZPre,  as wel l  as,  of  t he EOZ compared t o t he POZ using 
paired Student ’s T-tests.

Regression analyses

We have analyzed t he correlat ions of  FOZPost  wit h FOZPre 
and with defocus correct ion, as well as, of  EOZ for each of 
the methods with POZ and with defocus correct ion, using a 
bi l inear f unct ion (l inear wi t h POZ and defocus) of  t he 
form:

FOZPost = a + b ? min(FOZPre,POZ) + c ? iU¢i + d ? min(FOZPre,POZ) · iU¢i (4)

EOZ = a + b ? POZ + c ? iU¢i + d ? POZ · iU¢i (5)

where a is a general bias term, b t he part ial slope for the 
l i near i t y wi t h FOZPre or  POZ,  c t he par t i al  sl ope f or 
t he l ineari t y wi t h t he norm of  t he U-vect or,  and d t he 
part ial  slope for t he l inearit y wit h t he product  FOZPre or 
POZ and t he norm of  t he U-vect or.  The ideal  cases,  for 
w hi ch FOZPost  equal s FOZPr e and EOZ equal s POZ 
independent ly on the defocus correct ion, are represented 
by the coefÞ cients:

a = 0   (6)

b = 1   (7)

c = 0   (8)

d = 0   (9)

The U-vect or22 can be represent ed as t he vect or in t he 
3-dimensional double angle  ast igmat ism space with C+/ 2, M, 
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and Cx/ 2 as components. The norm of this vector correlates 
t o t he diopt r ic blur  and t o visual  acui t y23 and can be 
formulated in sphero-cylindrical prescript ion as:

C2

2
S2 + S ·  C + iU¢i = √  (10)

We assessed t he st at i st i cal  si gni f i cance of  t he 
correlat ions using St udent ’s T-t est s,  t he Coef f icient  of 
Det erminat ion (r 2) and t he st andard deviat ion on t he 
individual  t erms were used,  and t he signif icance of  t he 
correlat ions has been evaluat ed consider ing a met r ic 
di st r i but ed approximat el y as t  wi t h N—4 degrees of 
f reedom where N is the size of  the sample. Stat ist ics have 
been repor t ed consider i ng 20 eyes (as i f  t hey were 
i ndependent )  as wel l  as consi der i ng 10 pat i ent s 
(considering the dependency).

Calculation of the bilateral (OD vs. OS) correlations 
for FOZ/EOZ

We assessed the stat ist ical signiÞ cance of  the correlat ions 
using Student ’s T-tests, the CoefÞ cient  of Determinat ion (r2) 

was used, and the signiÞ cance of the correlat ions has been 
evaluated considering a metric dist ributed approximately as 
t  wit h N—2 degrees of  f reedom where N is t he size of  t he 
sample.

Calculation of proposed nomogram for OZ

With the obtained parameters (a to e),  we have calculated 
the nomogram planned OZ (NPOZ) required to achieve an 
intended EOZ (IEOZ):

IEOZ — a — c ·  iU¢i

b + d ·  iU¢i
NPOZ =  (11)

Results

Refractive outcomes

Concerning refract ive outcomes, we merely want  to out line 
t hat  bot h,  t he SEq and t he cyl inder were signi f icant ly 
reduced to subclinical values at  6 months postoperat ively 
[mean residual  defocus ref ract ion was —0.04 ± 0.44 D 
(range —1.00 t o +0.63 D) (p < 0.0001) and mean residual 

Figure 1 Concept  of the Funct ional Opt ical Zone: By analyzing corneal Wave Aberrat ions for diameters start ing from 4-mm, we 

have increased the analysis diameter in 10 mm steps, unt il the corneal RMSho was above 0.375 D for the Þ rst  t ime. This diameter 

minus 10 mm was determining the FOZ.
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Figure 2 Top: Concept  of the DRMSho method: By comparing postoperat ive and preoperat ive corneal Wave Aberrat ions analyzed 

for a common diameter start ing from 4-mm, we have increased the analysis diameter in 10 mm steps, unt il the dif ference of the 

corneal RMSho was above 0.375 D for the Þ rst  t ime. This diameter minus 10 mm was determining the EOZ. Bot tom: Concept  of the 

RMS(DHOAb) method: By analyzing the dif ferent ial corneal Wave Aberrat ions for a diameter start ing from 4-mm, we have increased 

the analysis diameter in 10 mm steps, unt il the root -mean-square of the dif ferent ial corneal Wave Aberrat ion was above 0.375 D for 

the Þ rst  t ime. This diameter minus 10 mm was determining the EOZ for that  case.
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ast igmat ism magnitude 0.22 ± 0.55 D (range, 0.00 to 1.50 D) 
(p < 0.001)]  and t hat  90 % of  eyes (n = 18) were wit hin 
± 0.50 D of the at tempted correct ion (Table 1).

Changes in corneal Wave Aberration at 6-mm 
analysis diameter

Preoperat ive corneal  coma aberrat ion (C[3,  ± 1] ) was 
0.27 ± 0.24 mm RMS, corneal spherical aberrat ion (C[4,0]) 
(SphAb) was +0.29 ± 0.16 mm,  and corneal  RMSho was 

0.46 ± 0.13 mm RMS (Table 1). Postoperat ively, corneal coma 
magni t ude changed t o 0.34 ± 0.26 .m RMS (p < 0.05), 
corneal SphAb to —0.01 ± 0.25 mm (p < 0.005), and corneal 
RMSho changed to 0.64 ± 0.29 mm RMS (p < 0.01) (Table 1).

Mean value analyses

We analyzed the mean values of FOZ and EOZ and assessed 
the stat ist ical signif icance of  t he FOZPost compared to t he 
FOZPre,  as wel l  as,  of  t he EOZ compared t o t he POZ using 

Table 1 Refract ive outcomes and induced aberrat ions at  6-month

 Pre-op (Mean ± Std Dev) 6-month post -op (Mean ± Std Dev) p-value

Defocus (D) +2.21 ± 1.28 —0.04 ± 0.44 < 0.0001*

Cylinder (D)  3.12 ± 1.71    0.22 ± 0.55 < 0.005*

Predictabilit y within ±0.50 D (%) —  90 % —

Predictabilit y within ±1.00 D (%) — 100 % —

Coma Aberrat ion at  6.00 mm (mm)  0.27 ± 0.24    0.34 ± 0.26 < 0.05*

Spherical Aberrat ion at  6.00 mm (mm)  0.29 ± 0.16 —0.01 ± 0.25 < 0.005*

High-Order Aberrat ion at  6.00 mm (mm RMS)  0.46 ± 0.13    0.64 ± 0.29 < 0.01*

Table 2 Effect ive opt ical zone 6-month after surgery vs. planned opt ical zone

 Mean StdDev Min Max P R2-corr p-corr

FOZPre (mm) 7.40 1.48 3.99 9.44 — — —

FOZPost (mm) 5.53 1.18 3.99 7.86 < 0.0001* .3 < 0.05*

Planned OZ (mm) 6.76 0.22 6.25 7.25 — — —

EOZDRMSho (mm) 6.47 1.17 4.18 8.77 .1 .6 < 0.0005*

EOZRMS(DHOAb) (mm) 5.67 1.23 3.99 8.08 < 0.0005* .2 .1

Figure 3 Evolut ion and change of the OZ with t ime.
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paired Student ’s T-tests (Table 2).  FOZPost was signiÞ cant ly 
smal ler (p < 0.0001) t han FOZPre.  EOZDRMSho was similar t o 
POZ, whereas EOZRMS(DHOAb) was signiÞ cant ly smaller (p < 0.05) 
t han POZ and EOZDRMSho.  Figure 3 shows t he evolut ion and 
change of  t he OZ with t ime. FOZ and EOZ showed smaller 
values for shorter follow-up t imes and cont inues increasing 
from 1, to 3 and 6-months after t reatment .

Repeatibility of the methods for FOZ/EOZ

Figure 4 shows the repeatabil it y of  t he FOZ and EOZ. FOZ 
and EOZ showed similar values for repeatabil it y 6-months 
af t er t reat ment  of  about  0.3 mm.  The only st at ist ical ly 
signiÞ cant  dif ference in repeatability was between FOZPre, 
FOZPost  and EOZRMS(DHOAb) method.

Calculation of the bilateral (OD vs. OS) correlations 
for FOZ/EOZ

All met rics were bilaterally well correlated between OD and 
OS eyes (Table 3).

Regression analyses

We have analyzed the correlat ions of FOZPost with FOZPre and 
with refract ive correct ion (r2 = 0.7, p < 0.0001 for 20 eyes, 
r2 = 0.7, p < 0.005 for 10 pat ients) (Figure 5), as well as, of 
EOZ for each of  t he met hods wit h POZ and wit h defocus 
correct ion (r 2 = 0. 7,  p < 0. 0001 f or  20 eyes,  r 2 = 0. 6, 
p < 0.005 for 10 pat ient s f or t he DRMSho met hod;  and 
r 2 = 0. 6,  p < 0. 005 f or  20 eyes,  r 2 = 0. 5,  p < 0. 05 f or 
10 pat ients for the RMS(DHOAb) method) (Figure 6).

FOZPost and EOZ correlate posit ively with FOZPre and POZ, 
respect ively,  and decline steadily with increasing defocus 
correct ions (Tables 4 and 5).

Calculation of proposed nomogram for OZ

With the obtained parameters (a to e),  we have calculated 
the nomogram planned OZ (NPOZ) required to achieve an 
intended EOZ (IEOZ) (Figure 7, Tables 3 and 4).

Discussion

Limitat ions of our study include that  the clinical evaluat ion 
was performed over only 20 eyes,  reducing the stat ist ical 
power of the conclusions; and the lack of a cont rol group. It  
is dif f icul t  for us (as a privat e pract ice) t o f ind a similar 
cohort  and evaluat e t hem at  di f f erent  t ime st amps t o 
simulate t he t iming af t er ref ract ive surgery,  but  wit hout  
having (any kind of) surgery on those.

The low number of  eyes can be explained by several 
reasons:

—  Hyperopic t reatments are in our cent re much less often 
than myopic ones (~1:4)

—  Hyperopic t reatment s are t reated in our cent re much 
less often in aspheric mode and more often in customized 
mode since they either:

 • show larger aberrat ions, or
 • large angle kappa (or alpha or lambda),

 • are secondary t reatments, or
 • suffer from presbyopia as well.
—  We have already reported and published an essent ial ly 

similar study for myopia also with another 20 eyes (and 
we wanted to compare to those as well).

The cl inical  evaluat ion was l imit ed t o HA t reat ment s. 
Evaluat ion was limited to LASEK/ Epi-LASEK techniques, thus 

Figure 4 Repeatability of the FOZ and EOZ measurements.

Figure 5 Bil inear regression analyses for t he correlat ions of 

FOZPost with FOZPre and defocus correct ion (derived from Eq. 5). 

FOZPost correlates posit ively with FOZPre,  and declines steadily 

with increasing defocus correct ions. Example of  double-ent ry 

graphs: A t reatment  of +2.5 D in a cornea with 6.75 mm FOZPre 

results in ∼5.75 mm FOZPost.

Table 3 Bilateral correlat ions

OD vs. OS p R2-corr p-corr

Defocus correct ion (D) 0.5 0.9 < 0.0001*

FOZPre (mm) 0.4 0.9 < 0.0001*

Planned OZ (mm) 0.5 0.5 < 0.05*

FOZPost (mm) 0.5 0.9 < 0.005*

EOZDRMSho (mm) 0.4 0.6 < 0.05*

EOZRMS(DHOAb) (mm) 0.5 0.6 < 0.05*
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Table 4 Mean effect ive opt ical zone 6-month after 

refract ive surgery vs. planned opt ical zone

Planned OZ 

(mm)

Achieved EOZ 

(mm)

Nomogrammed POZ 

(mm)

5.00 4.50 5.75

6.25 5.50 7.25

7.50 6.50 8.75

results cannot  be ext rapolated to LASIK t reatments without  
furt her cl inical  evaluat ions.  Final ly,  in our sample,  POZ 
signiÞ cant ly correlated with defocus (r2 = 0.7, p < 0.0001), 
indicat ing t hat  t he t wo variables of  t he bil inear f i t  were 
interdependent .

A limitat ion of the study is its observat ional nature, since 
no cont rols are included.  However,  considering a hist oric 
cont rol  group t reat ed a few years ago wit h a di f f erent  
system using a Munnerlyn algorithm we determined a —5 % 
smaller EOZ diameters or —9 % smaller EOZ areas compared 
to our current  results.

Unt il  t oday, t here is no proof  t hat  t he asphericit y alone 
plays a maj or role in t he visual process24.  We st i l l  do not  
know whether an asphericity Q —0.25 is bet ter than Q +0.50, 
we only know that  the asphericity of the “ averaged”  human 

Figure 7 Calculated nomogram planned OZ (NPOZ) required 

to achieve an intended EOZ (IEOZ) for defocus correct ion for 

each of  t he methods (derived f rom Eq.  12):  DRMSho method 

( t op)  and RMS(DHOAb)  met hod (bot t om) .  Exampl e of 

double-ent ry graphs: A t reatment  of +3 D with intended EOZ of 

6.5 mm result s in ∼8.25 mm nomogrammed OZ when planned 

for the DRMSho and RMS(DHOAb) methods.

Figure 6 Bil inear regression analyses for t he correlat ions of 

EOZ wit h POZ and wit h defocus correct ion for each of  t he 

met hods (der ived f rom Eq.  6):  DRMSho met hod (r 2 = 0. 7, 

p < 0.005) (t op) and RMS(DHOAb) method (r2 = 0.5,  p < 0.05) 

(bot t om).  EOZ correlat es posit ively wit h POZ,  and decl ines 

st eadi l y wi t h increasing def ocus correct ions.  Example of 

double-ent ry graphs: A t reatment  of +3 D in 6.5 mm POZ results 

in ∼5.5 mm EOZ when analyzed wit h t he DRMSho met hod, 

but  in ∼5.25 mm EOZ when analyzed wit h t he RMS(DHOAb) 

method.

Table 5 Mean effect ive opt ical zone 6-month 

after refract ive surgery vs. planned correct ion

Planned SEq 

(D)

Achieved EOZ 

(mm)

Nomogrammed POZ 

(mm)

+1 6.75 7.00

+2 6.25 7.75

+3 5.75 8.50

+4 5.25 9.00

+5 4.75 9.25
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cornea is about  —0.2825.  As well,  no absolute opt imum has 
been f ound,  despi t e of  some remarkable t heoret i cal 
works26-28.  When a pat ient  is selected for non customi zed 
aspherical t reatment , the global aim of the surgeon should 
be t o leave al l  exist ing high order  aberrat ions (HOA) 
unchanged because the best  corrected visual acuity, in this 
pat i ent ,  has been unaf f ect ed by t he pr e-exi st i ng 
aberrat ions29.  Hence, all factors that  may induce changes in 
HOA’s30,31,  such as biomechanics,  need t o be t aken int o 
account  pr i or  t o t he t r eat ment  t o ensure t hat  t he 
preoperat ive HOA’s are unchanged after t r eatment .

Jiménez et  al.32 found that  binocular funct ion deteriorates 
more t han monocular funct ion af t er LASIK,  and t hat  t his 
det eriorat ion increases as t he int erocula r dif ferences in 
aberrat ions and corneal shape increase.

One of  t he most  signiÞ cant  side ef fect s in laser corneal 
refract ive surgery with classical approaches is the induct ion 
of  spherical aberrat ion33,  which causes halos and reduced 
cont rast  sensi t ivi t y34,  resul t ing in deviat ions f rom t he 
opt imal corneal l ine-shape post -operat ively.  Anyway, f rom 
t he l i t erat ure is report ed a signif icant  decreasing in t he 
Q-Value af t er t wo mont hs post  surgery,  and af t er t hree 
months the asphericity data can be considered stable35.

Jiménez et  al . 36 deduced a mat hemat ical  equat ion for 
corneal  aspher ici t y af t er ref ract ive surgery,  when t he 
Munnerlyn formula is used. Equat ions for corneal asphericity 
may be of clinical relevance in quant itat ively studying the 
role of dif ferent  factors (decent rat ion, type of laser, opt ical 
role of  t he f lap,  wound heal ing,  biomechanical  ef fect s, 
technical procedures) during corneal ablat ion.

The measurement  t echnique used in t his study actually 
imposes rest r i ct i ons on opt i cal  zone si ze t hat  may 
underest imat e i t  for decent rat ions.  On t he ot her hand, 
topographical data may not  Þ t  to Zernike polynomials up to 
the seventh radial order (36 Zernike coefÞ cients). It  is known 
that  the residual irregularity of the cornea not  Þ t  by Zernike’s 
may have a signiÞ cant  impact  on visual quality37. Ignoring this 
effect  might  bias the effect ive opt ical zone size determined 
leading to an overest imate that  can be signiÞ cant .

Comparing this result  with our previous study for myopic 
ast igmat ism16,  we observed that  EOZ is signiÞ cant ly smaller 
in hyperopic ast igmat ism compared to myopic ast igmat ism. 
In myopic ast igmat ism, we observed a mean EOZ of 6.74-mm 
analyzed with the DRMSho method and 6.42-mm analyzed 
wi t h t he RMS(DHOAb) met hod,  whereas in hyperopic 
ast igmat ism t he values were 6.47-mm for t he DRMSho 
met hod and 5. 67-mm analyzed wi t h t he RMS(DHOAb) 
met hod.  The mean relat ive rat io bet ween EOZ and POZ 
diameters was 0.97 ± 0.06 for myopia and 0.90 ± 0.12 for 
hyperopia,  whereas the mean relat ive rat io between EOZ 
and POZ sur f aces was 0. 95 ± 0. 12 f or  myopi a and 
0.81 ± 0.26 for hyperopia.  Determined EOZ for hyperopic 
ast igmat ism were more scat tered than the ones for myopic 
ast igmat ism. For equivalent  correct ions,  mean EOZ were 
smal ler f or hyperopia t han for myopia by —8 % ± 8 % in 
diameter, or by —15 % ± 13 % in surface. As well,  the impact  
of the defocus correct ion in reducing the size of the EOZ is 
much st ronger in hyperopia than in myopia.

Mult ivariat e correlat ion analysis showed t hat  absolut e 
and relat ive dif ferences between FOZPost and FOZPre,  as well 
as, between EOZ and POZ were larger for smaller POZ or for 
larger Defocus correct ions.

For our analyses,  t he t hreshold value of  0.375 D f or 
determining EOZ was arbit rarily chosen based upon the fact  
that  with simple spherical error,  degradat ion of  resolut ion 
begins for most  people wit h errors bet ween 0.25 D and 
0.50 D, and a similar value can be found for ast igmat ism. If  
ot her value was used,  t he general conclusions derived in 
this study will st ill hold. However, the numerical values can 
be a bit  larger for threshold values larger than 0.375 D, and 
smaller for values below 0.375 D. We have actually re-run 
t he analyses for 0.25 D and 0.50 D t hresholds,  and found 
—18 % smaller EOZ and +10 % larger EOZ respect ively.

For al l  methods,  our search algorit hm is an “ increasing 
diamet er”  analysis,  t his ensures t hat  t he smal lest  EOZ 
condit ion is found. Finally, our search was set  to start  from 
4-mm upwards, i.e. 3.99 mm is the smallest  EOZ that  could 
be found. We have done that  because for very small analysis 
diameters,  t he Zernike Þ t  seems to be less robust ,  most ly 
due t o t he decreasing sampl ing densi t y wi t hin t he uni t  
circle.

The magnitude of ast igmat ism corrected could affect  the 
diameter at  which the EQ of RMSho is greater than 0.375 D. 
For example, an eye with 1 DS/ +3 D of hyperopia vs. 2.5 DS 
of  hyperopia would have di f ferent  EOZ and FOZs based 
on t he def ini t ion.  Argent o et  Cosent ino5 report ed t hat  
larger opt ical  zones decrease post operat ive high-order 
aber r at i ons.  They f ound t he measur ed hi gh-or der 
aberrat ions to be less in eyes with larger opt ical zones.

We have used a simi lar  approach t o t he one used by 
Tabernero et  al . 38 t o det ermine t he f unct  ional  opt ical 
zone (FOZ) of  t he cornea pre and post operat ively.  They 
observed a reduct ion f rom FOZPre of  9.1-mm t o FOZPost of 
6.9-mm. Noteworthy and opposed to our Þ ndings, they did 
not  f i nd a great er  cont ract ion of  FOZ f or  i ncreasing 
correct ions.

Qazi et  al . 1 using a dif ferent  approach observed over a 
sample of eyes similar to ours, that  hyperopic t reated eyes, 
on average,  had larger t opographic FOZs af t er LASIK,  but  
wit h less uniformit y of  curvature and power change t han 
myopic eyes.

Although POZ, TZ, and TAZ are parameters deÞ ned by the 
laser  t reat ment  algor i t hms,  EOZ must  be det ermined 
postoperat ively (f rom the dif ferences to the baseline) and 
may change with t ime because of healing and biomechanical 
effects. In the same way, it  would be possible that  the FOZ 
were larger postoperat ively than it  was preoperat ively,  or 
that  the FOZ could be larger than the POZ or even than the 
TAZ. Figure 3 shows the evolut ion and change of the OZ with 
t ime.  FOZ and EOZ showed smal ler  values f or  short er 
fol low-up t imes and cont inues increasing f rom 1, to 3 and 
6-months after t reatment . This behaviour is consistent  with 
other observat ions of the change of induced aberrat ions and 
quality of vision with t ime39, in which the amount  of induced 
aberrat ions reduces with t ime get t ing closer to the original 
aberrat ion pat t ern for longer fol low-up t imes.  Long-term 
follow-up on these eyes will help determine whether these 
accurate result s also show improved stabil it y compared to 
previous experiences.

In conclusion,  our result s suggest  t hat  wave aberrat ion 
can be a useful  met ric for t he analysis of  t he ef fect ive 
opt ical zones of refract ive t reatments or for the analysis of 
funct ional opt ical zones of the cornea or the ent ire eye by 
set t ing appropriate limit  values.
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