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N ew ob jec t i ve met hods to measure the optica l aberratio ns of the eye are

review ed, in particular the probably more representative ones: H artmann --
Shack w avef ron t sensor and laser ray tracin g. T hey are show n to b e robust
and pro vide highly reliable data, w hich are permitting to obtain many new
results about the optics of the eye in basic and clinica l studies. I n addition,

di ˜erent exp eriments have demonstrated the correction of eye' s aberration.
A gain two representative approaches are review ed. T he Ùrst results w ere ob-
tained with the close-loop adaptive optics system develop ed at the U niversity

of Rochester. Later on, phase plates made by photosculpture in photoresist
(placed in front of the eye like conventional lenses) have also permitted the
correction of ocular aberrations. This is a new , but already very active Ùeld
of research, w hich has open many new questions and a w ide variety of ap-

plicati ons.

PACS numb ers: 42.66. {p, 42.15.Dp

1. I n t rod uct io n

In t he last years, there has been an increasing interest on the opti cs of the eye.
On the one hand, the new ref racti ve surgery techni ques are not only dem anding
a preci se knowl edge of the opti cal system of the eye tha t is going to be m odi Ùed,
but they need m eans to predi ct the Ùnal resul t. Refracti ve surgery is pro duci ng
an enorm ous impact on publ ic vi sual heal th and economy. On the other hand, a
techno logical revo luti on has occurred in para l lel. Ma ny new technologies developed
for opti cal microscopy, com muni cati ons or astro nomy, as wel l as devi ces such as
lasers, scanners, CCD cam eras, com puters, opti cal design software, etc. , have been
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appl ied to physi ological opti cs, whi ch has produced a signiÙcant step ahead in our
kno wl edge of the opti cs of the eye. In parti cul ar there has been a renewed ẽ o rt
in the developm ent of techni ques for estimati ng the wave aberrati on of the hum an
eye [1{ 5] partl y stim ulated by the interest in assessing the changes in opti cal
qual i ty pro duced by refracti ve surgery [6{ 8] and by the desire to com pensate the
ocular aberrati ons to achi eve di ˜ra cti on-l imi ted opti cs [9, 10]. In theory , i t woul d
be possibl e not only to com pensate aberrati ons wi th externa l aids, but even to
correct them perm anentl y by surgery or other techni ques.

Subj ective m etho ds to m easure aberrati ons (astigmati sm, spheri cal , chro-
m ati c, etc.) of the eye have been developed and used since a long ti m e ago. In 1961
Smirno v [11] reported the Ùrst m easurements of the overal l wa ve aberrati on in the
hum an eye, obta ined by m eans of a spati al ly resolved subj ecti ve refractom eter. In
tha t publ icati on he al ready suggested tha t \ in pr incip le, i t i s possible t o man u-
facture a lens compensat ing the wave aberrat ion of the eye in t he compl ex for m
of plates of er rors " . Neverthel ess, subj ective measurements have im porta nt draw-
backs (ti m e consum ing, rel iabi l i t y m ay depend on subj ect, etc. ) and l imi ta tio ns
(our poor periphera l vi sual perf orm ance precl udes o˜- axi s measurements). In re-
cent years, new avai lable technologies made possible to develop obj ective m etho ds,
such as the obj ective version of the Howl and aberroscope [12], Hartm ann{ Shack
wa vefront sensor (H{ S) [2], laser ray tra ci ng (LR T) [3] and Tcherni ng typ e aber-
roscope [4]. D i˜erent studi es [13] have demonstra ted the hi gh rel iabi l i ty and ro-
bustness of som e of these m etho ds. Am ong the above experim ental metho ds, here
we shall overvi ew two of them , H{ S and LR T , whi ch are probably the m ore rep-
resentati ve ones.

Once we can m easure ocul ar aberrati ons, the next chal lenge is to correct
them . The Ùrst successful experim ents were carri ed out using a closed-loop adap-
ti ve opti cs devi ce where aberra ti ons were m easured by a H{ S sensor and correcte d
by m eans of a deform able mirro r [9]. These sophi sticated adapti ve opti cs system s
are, however, far from the idea of a \ special single lens" and i t is hard to imagine
them worki ng outsi de the envi ronm ent of the opti cal laborato ry or clinic. In thi s
sense, we intended to veri fy Sm irno v ' s suggestion exp erim ental ly, by manuf actur-
ing and testi ng \ special lenses", whi ch, in our appro ach, consisted of phase pl ates
adapted to compensate opti cal aberrati ons in indivi dual eyes [10]. The variety of
appl icati ons of aberrati on measurement and correcti on is potenti a lly enorm ous,
because i t could al low to im pro ve vi sion, even beyond norm al l imi ts [9], and also
im pro ve resoluti on in fundus clini cal exams or surgery.

2. M easur em ent of ocu lar ab er rat ions

The di ˜erent metho ds, avai lable so far, are based on m easuri ng geom etri cal
or ray aberra ti ons and then obta ini ng the wa vefront error by num erical integrati on.
As shown in Fi g. 1, rays are norm al to the wavefront. The geom etri cal aberrati on
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Fig. 1. Ray and wave aberration. Rays ? w avef ron t.

of a ray passing thro ugh a given pupi l positi on (¿i ; ² i ) is deÙned (see Eq. (1)) as
the geom etri cal displacement between the locati on where i t intersects the im age
pl ane (X 0 ( ¿i ; ² i ), Y 0 ( ¿i ; ² i )) and a reference ideal locati on (X 0

0 ; Y 0

0 ). In other
wo rds, in an aberrati on- free opti cal system , each spot woul d l ie on its reference
ideal positi on at the im age surf ace, X 0 = X 0

0 ; Y 0 = Y 0

0 ; 8 i :

In the presence of aberrati ons, the spots are di splaced from thei r reference
positi ons; the geom etri cal aberrati on is deÙned sim ply by the magni tude of these
di splacements:

Â x 0 ( ¿i ; ² i ) =
X 0 (¿ i ; ² i ) À X 0

0 (¿ i ; ² i )

f 0
; Â y 0 ( ¿i ; ² i ) =

Y 0( ¿ i ; ² i ) À Y 0

0 ( ¿i ; ² i )

f 0
: (1)

In these equati ons, the displacements are given in dim ensionl ess ta ngent uni ts,
by di vi ding by the f ocal length of the lens used for im aging the spots. Thi s is
especial ly relevant for double-pass m easurements in the hum an eye, where we do
not have access to the reti na l image pl ane, and thus we cannot m easure length
uni ts but only tangents or angles. For a given point obj ect wi th Ùxed coordi nates
(X 0 ; Y0 ; Z 0 ), we can pl ot the aberrati ons (Â x 0

i
; Â y 0

i
) of al l the rays del ivered,

passing thro ugh di ˜erent pupi l positi ons, to obta in a spot diagram representi ng
the geom etri cal aberrati ons of each sampl e (p encil of l ight) of the beam passing
thro ugh the opti cal system .

There is a close relati onshi p between the ray aberrati on and the slope
(or Ùrst deri vati ve) of the wavefront at a given pupi l locati on. The components
(Â x 0

i ; Â y 0

i ) of the ray aberrati on are proporti onal to the slopes (ta ngents) of the
wa ve aberrati on W ( ñ¿; ñ² ) in both axes, where ñ¿ = ¿=R p ; ñ² = ² =Rp are dim ension-
less canonical pupi l coordi nates and R p i s the pupi l radi us:

Â x 0 =
1

R

@W ( ñ¿; ñ² )

@ñ¿
; Â y 0 =

1

R

@W ( ñ¿; ñ² )

@ñ¿
: (2)

W e can estim ate W by integ rati ng Eq. (2). However, instead of a di rect inte-
grati on tha t is num erically unsta ble, i t is better to consider an expansi on of the
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wa ve aberrati on in term s of Zerni ke polyno m ials. Zerni ke polyno m ials are well
sui ted for describi ng the wave aberrati on, because they form a compl ete ortho -
gonal basis to represent a functi on deÙned over a circul ar support wi th a uni t
radi us [14]. Mo reover, ortho gonal i t y im pli es tha t the to tal value of the wave aber-
ra ti on vari ance can be found by addi ng the indi vi dual contri buti ons of each Zerni ke
term . It is com mon to consider a 7th order appro xi mati on, tha t is 35 term s, un-
der the assumpti on tha t higher orders wi l l be very small so tha t we can have
them cut- o˜

W ( ñ¿; ñ² ) ¤

3 5X

k = 1

Z k Â P k ( ñ¿; ñ² ) ; (3)

where Z k are the coe£ cients of the expansi on, in microns, ( ñ¿; ñ² ) are canoni cal pupi l
coordi nates, and P k are dim ensionlessZerni ke polyno mials. T o estimate W f rom
the raw data (ra y aberrati ons), we onl y have to substi tute W by i ts expansion
(Eq. (3)) in Eq. (2). Then, instead of num erical integ rati on of the raw data , we
can compute the parti al deri vati ves of Zerni ke expansion of W . Pro vi ded tha t the
num ber of rays is greater tha n 35, we have an overdeterm ined l inear system of
equati ons, where the Z i are the unkno wns, so tha t i t can be solved by a standard
least-square Ùtti ng.

2.1. H ar tmann {Shac k wavefront sensor

The operati ng pri nci ple of the H{ S wa vefront sensor is well kno wn, and i ts
appl icati on to the hum an eye is becom ing popular. In the H{ S wavefront sensor, a
m onoli thic micro lens arra y, located in a pl ane conj ugated to the exit pupi l , sampl es
the wa vefront in para l lel . Each lenslet selects a l ight pencil (who se di ameter is tha t
of the lenslet) and form s a spot of l ight at i ts focal plane. For an aberrati on- free

Fig. 2. H artmann{Shack w avef ront sensor. T he microlens array samples the w avef ront

forming an array of spots. BS | b eam splitter.
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system , i f the obj ect is at the f ocal point, then the emerging wa vefront is Ûat and
thus, the arra y of im age spots at the m icrolensesfocal plane has a regul ar spati al
di stri buti on identi cal to tha t of the m icrolens them selves (squa re, hexagonal, etc. ).
In the presence of aberrati ons, the l ight pencils passing thro ugh the microlensesare
ti l ted rel ati ve to the corresp ondi ng aberrati on-f ree ones, and thus, the imagespots
are shifted from thei r ideal or ref erence positi on. The ti l t is simpl y the average
slope of the wa vefront acro ss the m icro lens pupi l .

Fi gure 2 shows the H{ S system bui l t in our laboratory [13]. The l ight f rom
a HeNe laser is reÛected by a beam spli tter, enters the eye thro ugh the center
of the pupi l and form s a Gaussian spot on the reti na. The l ight reÛected passes
again thro ugh the pupi l and a pai r of lenses, whi ch pro ject the im age of the pupi l
onto a m icrolens array. The arra y of im ages (sp ots) pro vi ded by the m icrolenses
is f ocused on a CCD camera to be di gi ta l ly recorded and analyzed.

2. 2. Laser ray traci ng

La ser ray tra cing (LR T) consists of del iveri ng, sequential ly, a bundl e of l ight
pencils (unexpa nded laser beam s) coming from the sam e point obj ect, but passing
thro ugh di ˜erent locati ons at the eye's pupi l . The tra jectori es of the l ight pencils
(ra ys) are contro l led by m eans of a two -dim ensional X Y laser scanner plus an
addi ti onal col l imato r (see Fi g. 3). The spot form ed by each ray on the reti na,

Fig. 3. Laser ray tracing system. A two- dimensional scanner deÛects the laser p encil

w hich after collimati on, enters the eye through the desired pupil positio n. The spot

formed by each ray (laser pencil) onto the retina is imaged on a C C D camera.

i s im aged onto a CCD cam era. Both the scanner and the cam era are contro l led
and synchro nized by m eans of a PC, whi ch is also used to analyze each im age,
computi ng the centro id of each spot. Al tho ugh LR T is sequential , i t is possible to
del iver rays and to record the associ ated im ages reasonably fast. In the current
version of the system we can tra ce and record 8{ 9 rays/ second.

3. Ab er rat ions in n o r m a l an d cl inical eyes

Tha nks to these obj ective m etho ds, the amount of exp erimenta l data avai l -
abl e is growi ng very fast, and som e recent publ icati ons report results over large
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popul ati ons [15]. It appears to be a rando m variati on in the eye's aberrati ons
from subj ect to subj ect. Roughly speaki ng, after canceling second order aberra-
ti ons (def ocus and asti gm ati sm) wi th ophtha lm ic lenses, the RMS wa vefront error
for a 6 m m pupi l is of the order of Ñ (about hal f a m icro n), tha t is very f ar from the
di ˜ra cti on lim i t (Ñ= 1 4 ). Neverthel essthere is a large vari atio n between indivi duals,
and the opti cal quali t y can depart substa nti al ly from Ñ:

Ab erra ti ons also change across vi sual Ùeld wi thi n an eye [16], as i t is i llus-
tra ted in Fi g. 4. The wa ve aberrati on increases gradua lly, and roughl y l inearl y
wi th eccentri ci ty , so tha t at 4 0 £ the RMS wa vefront error is roughly doubl e tha n
the RMS value on the vi sual axi s (0 £ ). Com pared to a conventi onal opti cal system ,
the hum an eye shows a poor opti cal qual i t y on-axi s, very far from the di ˜ra cti on
l im it. (R MS wa vefront error, after canceling second order aberrati ons, is about 1 Ñ

for a 6 m m pupi l ). However, these results show how the opti cal (aberrati ons) and
im age (m odul ati on tra nsfer functi on | MTF) qual i t y declines slowl y and grad-
ual ly wi th reti nal eccentri city . Such decline of opti cal perform ance wi th reti na l
eccentri city is m uch slower and gradual tha n previ ousl y tho ught.

Fig. 4. Wa ve aberration across visual Ùeld (f rom 0 to 40 degrees) for 3 subj ects, mea-

sured by LR T .

In para l lel to these exp erim ental studi es, schemati c eye models, ini ti al ly de-
signed to repro duce the on-axi s perform ance of the eye, can be general ized to re-
pro duce o˜- axi s perform ance [17] as well . Interesti ngly, al tho ugh these schemati c
m odels are f ar from repro duci ng indi vi dual eyes, they can help to understa nd the
m ain features of the opti cal design of the eye, permi tti ng a global analysis of av-
erage experim enta l data . In thi s way, i t becom es clear, how aberrati ons, whi ch are
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relati vel y low for smal l pupi ls (dayl ight condi ti ons), rapi dly increa se wi th a pupi l
size, becoming large duri ng the ni ght. Or how the relati vely good o˜- axi s qual i ty
is expl ained by the fact tha t the com bined e˜ect of o˜- axi s (obl ique) asti gmati sm
and Ùeld curv ature m akestha t the locus of the best im age (the im agesurf ace) is in
cl ose match wi th the reti na l surface (roughly spheri cal ). We could concl ude tha t
the eye has been designed as a very wi de angle lens, havi ng a moderatel y stable
opti cal perform ance across vi sual Ùeld.

Fig. 5. Best- corrected (canceling defocus and astigmatism) w ave aberration error for

2 eyes (# 9 and #14) before and af ter LA SIK ref ractive surgery . V alues of the R MS

w avef ront error are also included .

As an exam ple of clinical appl icati on, the e˜ect of LASI K refracti ve surgery
up on the opti cal qual i ty of the eye has been studi ed, com pari ng the wa ve aberra-
ti on before and after surg ery in the same eyes[8]. Fi gure 5 shows the results for two
representa ti ve exampl es. For eye numb er 9 (upp er row) aberrati ons increase m od-
eratel y, about 30%, whereas f or eye num ber 14 (l ower row) the aberrati ons increase
by a factor of 3. The resul ts of tha t study show tha t the overal l aberrati ons (ex-
cl uding Ùrst and second order ones) increase by a factor of 2 on average. The m ain
contri buti on to the increase in aberrati on com es from spheri cal aberrati on, whi ch
is in agreement wi th previ ous Ùndings. Coma-l ike (3rd order) aberrati ons have a
hi gher contri buti on tha n 4th order ones even in postoperati ve eyes, al tho ugh thi s
seems to be stro ngly dependent on the degree of decentra ti on of the abl ati on pat-
tern. Fi f th and hi gher order aberrati ons are not m uch a˜ected by surgery. D ue to
the increase in ocul ar aberrati ons after LASIK, the average MTF decreasesfor al l
spati al frequenci es. Even f or small pupi ls (3 mm ) the opti cal qual i ty of operated
eyes is signiÙcantl y wo rse tha n for preoperati ve eyes, but the aberrati on increment
is considerably smal ler tha n for scoto pic pupi l sizes (6.5 m m).
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4. Ab er rat i on co m pen sat ion

There have been di ˜erent experim ents demonstra ti ng the feasibi l it y of cor-
recti ng the aberrati ons of the eye. In al l cases, the metho d consi sts of two stages:
(1) measurement and (2) com pensati on. The com pensati on is achieved by some op-
ti cal system (def orm abl em irror, phase plate, etc. ) whi ch tra nsform s a perfect (Ûat)
incom ing wa vefront into an \ aberrated" one, tha t is conjugate to the eye's wa ve
aberrati on, so tha t the joint system (eye + correcti ng devi ce) has no aberrati ons
and wo rks as a perfect opti cal system . The process can be dyna m ic intro duci ng
a contro l loop, so tha t the system adapts to potenti al tempora l changes of aber-
ra ti ons (adapti ve opti cs). The compensati on can be stati c, such as is the case of
ophtha lmic lenses (sp ectacles or conta ct), or they coul d be induced perm anentl y
by modi fying the opti cal system of the eye by refracti ve surgery. W hereas there are
serious exp erimenta l resul ts in the two Ùrst cases, surgery has not pro vi ded con-
vi nci ng resul ts yet, in spite of new com merci al ly avai lable surg ery devi ces guided
by ocular aberrati ons.

4. 1. Adapt ive opt ics

The Ùrst adapti ve opti cs system for the eye wa s devel oped at the Uni ver-
sity of R ochester [9]. It consisted of a Hartm ann{ Shack wa vefront sensor, pl us a
deform able m irro r wi th 37 actuato rs, both connected by a contro l loop. Fi gure 6

Fig. 6. W avefront aberration measured w ith the Ro chester adaptive optics system OFF

(upp er row ) and ON (low er row ). With the A O system ON , the Strehl ratios become

much closer to the di˜raction limit (0. 8) (by courtesy of D.R. Will ia ms).
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shows recent resul ts obta ined wi th tha t system. W hen the adapti ve opti cs system
is ON, then the aberrati ons are compensated. In som e cases, they are reduced
by a factor of alm ost 10, and the resulti ng opti cal qual i t y is almost di ˜ra cti on
l im ited. Thi s system has perm i tted to impro ve the opti cal resoluti on of fundus
cameras, al lowi ng to resolve sing le reti nal cells, such as cone photo recepto rs. In
thi s wa y they could perform to ta l ly new experim ents, as for instance, to obta in
the arra ngement of the three cone classes in the l ivi ng hum an eye [18]. The last
version of thi s system works in real ti me. Correcti on of the eye's aberrati ons can
be compl eted in 0.25{ 0.5 seconds, resul ti ng in residual R MS wa vefront errors as
low as 0.1 microns for 6.8 m m pupi ls [19].

4.2. Phase plat es

Ada pti ve opti cs devi cescan probably pro vi de the best possible resul ts. How-
ever they are hi ghly sophi sti cated, and they could hardl y go outsi de the opti cal
laborato ry or clinic. The idea of using phase pl ates is to produce a smal l and l ight
opti cal element to work in the same way as conta ct or spectacle lenses, pro vi ding
a stati c correcti on. The manufacture pro cess consists of a gray- level sing le-m ask
photo sculpture in photo resist techni que, whi ch is a reasonabl y e£ cient and cheap
m etho d for m aki ng m icroopti cs elements. Af ter passing opti cal tests (Fi g. 7), the
pl ate is placed in front of the eye, l ike a spectacl e lens and we measure the wa ve
aberrati on again to evaluate the degree of com pensati on atta ined, as a global as-
sessment of the who le pro cedure [10].

Fig. 7. Phase plate manuf acturing pro cess. T he photoresist layer, spin- coated onto a

glass substrate, is exposed to U V light through a gray- level transmissi on mask, so that a

continuous proÙle of photoresis t thickness is obtained after development. T hese thickness

di˜erences induce phase shif ts on the incident b eam.

R esults for one subj ect are shown in Fi g. 8. The ini ti al (origina l ) wa ve aber-
ra ti on (l eft) is com pensated by means of the phase plate (m iddl e). The resulti ng
overal l wa ve aberrati on of the eye + plate system (ri ght) is about 5 ti m es lower.
Thi s resul t looks prom ising since f urther im provements of the metho d are sti l l
possible (especia lly in the plate m anuf acturi ng stage). In fact here we reached
the maxi mum theo reti cal or potenti al com pensati on atta inable by thi s pl ate. By
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Fig. 8. W ave aberration contour plot for subj ect EM, right eye, before (lef t) and af ter

(right) comp ensation w ith the customi zed phase plate (middle), placed in front of the

eye in the manner of a spectacle lens. Step betw een adj acent contour lines is 0: 5 ñ m.

m easuri ng and addi ng eye's and pl ate' s wa ve aberrati ons, the estim ated minimum
residual aberrati on wa s 0 : 2 5 ñ m , tha t is the value found exp erimenta l ly. Thi s sug-
gests tha t im pro vements in the result (hi gher degrees of com pensati on) are sti l l
possible by opti m izi ng the m anuf acturi ng pro cess to obta in pl ates wi th a higher
Ùdelity . One of the m ajor l imi ta tio ns of the metho ds to correct aberrati ons is tha t
the al ignm ent is cri ti cal . The al ignm ent of conven ti onal lenses to correct second
order aberrati ons is not cri ti cal at al l, but as the order of the aberrati ons to be
corrected increases,the more cri ti cal is the al ignm ent [20]. Theref ore, in m ost pra c-
ti cal appl icati ons, phase plates or sim i lar elements wi l l be l imi ted to correct up to
4th order aberrati ons (coma, spheri cal , etc.).

5. Co n cl u si on s an d fu t u re t r en ds

In concl usion there are accurate and robust metho ds to measure ocul ar aber-
ra ti ons. The high degree of compensati on atta ined in di ˜erent experim ents in
di ˜erent laborato ri es conÙrms the accuracy and rel iabi l i ty of the measurements.
Thi s has perm i tted to assessthe opti cal qual ity of the hum an eye better tha n ever
before. As a consequence, the am ount of exp erimenta l resul ts in both basic and
cl ini cal studi es is growi ng very rapidl y, as well as our kno wl edgeof the opti csof the
eye. The correcti on of aberrati on has been also demonstra ted in hum an eyes. Thi s
opens new Ùelds of research and appl icati ons, not only to achi eve a supernatura l
vi sion, but also the possibi l i ty of resolvi ng reti nal cells, such as the pho torecepto rs
is m aki ng possible new clinical appl icati ons as well as new exp eriments, stim ulati ng
sing le cones, etc.

Thi s Ùeld of research is relati vely new al tho ugh the numb er of laborato ri es
is growi ng rapidly because there are m any open questi ons, and m any techno lo-
gies ha ve sti ll to be devel oped. An importa nt e˜o rt is being m ade to m ake fast
m easurements to study the dyna m ics of aberrati ons and achi eve real ti m e instan-
ta neous correcti on. Measurem ents in the near infrared are especial ly interesti ng
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in many appl icati ons, but then i t is im porta nt to kno w to wha t extent one can
extra polate these data to the vi sible spectrum . A cruci al stage for the future de-
vel opm ent of ref racti ve surgery metho ds is to develop real isti c custom ized eye
m odels abl e to predi ct accura tel y not onl y the global aberrati ons of indi vi dual
eyes, but also of thei r m ain elements, cornea and lens. Regardi ng adapti ve opti cs
(AO), there are to day two opposite tendenci es: on the one hand, to increase the
degree of sophi sti cati on using faster and better devi ces wi th the goal of obta ining
true di ˜ra cti on-l im ited opti cal perform ance. On the other hand, several laborato -
ri es are developi ng cheaper system s a˜o rdable for basic and cl inical laborato ri es.
Ho wever, the m ost im porta nt part is to Ùnd new appl icati ons of AO systems. In
stati c correcti on i t is cruci al to im pro ve the manufa cture techni ques and develop
custo m ized spectacle lenses, conta ct lenses, eye pi eces, etc. In real appl icati ons, i t
wi l l be also im porta nt to achi eve a wi de Ùeld com pensati on, whi ch wi l l m ake nec-
essary to opti m ize the designs of the correcti ng opti cal elements. Fi na l ly, we have
to expect tha t ref racti ve surgery techni ques used to correct 2nd order aberrati ons,
but whi ch are now induci ng 3rd and 4th order aberrati ons, wi l l be soon impro ved
so tha t they do not increase aberrati ons but even correct them .
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