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ABSTRACT

PURPOSE: To evaluate intraoperative six-dimensional 
(6D) eye movements and postoperative outcomes 
among aberrated eyes that underwent LASIK treatments 
with 6D eye-tracking using the SCHWIND AMARIS plat-
form (SCHWIND eye-tech-solutions).

METHODS: Thirty-four patients (58 eyes) were en-
rolled in the study. Standard examinations and pre- 
and postoperative wavefront analyses with the Ocular 
Wavefront Analyzer (SCHWIND eye-tech-solutions) were 
performed. Treatments were planned using the Custom 
Ablation Manager and ablations (aspheric ablation [35 
eyes] and ocular wavefront [23 eyes]) were performed 
using the SCHWIND AMARIS TotalTech laser. Laser in 
situ keratomileusis fl aps were cut using the LDV fem-
tosecond laser (Ziemer Group) in all cases. Eye move-
ments were evaluated in terms of cyclotorsion, rolling, 
and axial movements. Clinical outcomes were evaluated 
in terms of predictability, refractive outcome, safety, 
wavefront aberration, and contrast sensitivity.

RESULTS: Registration rate was 100% for cyclotor-
sion, and 90% for rolling and axial movements. Static 
cyclotorsion was within �4° in 69% of eyes. Dynamic 
cyclotorsion was within �2° in 72% of eyes. Z-move-
ment was within �0.5 mm in 69% of eyes. At 3-month 
follow-up, 70% of eyes were within �0.25 diopters (D) 
of emmetropia. Mean defocus was �0.12�0.17 D and 
astigmatism was 0.15�0.25 D. Corrected distance vi-
sual acuity improved in 19% of eyes.

CONCLUSIONS: Laser in situ keratomileusis with 
active compensation of 6D eye-movements with a 6D 
eye-tracker using the SCHWIND AMARIS is safe, pre-
dictable, and yields excellent outcomes. Refraction and 
higher order aberrations were reduced to subclinical 
values postoperatively without applying additional 
nomograms. [J Refract Surg. 2011;xx(x):xxx-xxx.] 
doi:10.3928/1081597X-20110120-02

H uman eyes have six degrees of freedom to move: X/Y
lateral shifts, Z leveling, horizontal/vertical rotations, 
and cyclotorsion (rotations around the optical axis). 

These movements have been analyzed since the middle of the 
20th century. Laser technology for refractive surgery allows 
corneal alterations to correct refractive errors1 more accurately 
than ever. Ablation profi les are based on the removal of tissue 
lenticules in the form of sequential laser pulses that ablate a 
small amount of corneal tissue to compensate for refractive 
errors. However, the quality of vision can deteriorate signifi -
cantly under mesopic and low contrast conditions, especially 
with increased aberrations.2

Induction of aberrations, such as spherical aberrations 
and coma, is related to loss of visual acuity3 and quality. To 
balance already existing aberrations, customized treatments 
were developed that use either wavefront measurements of 
the whole eye4 (eg, obtained by Hartmann-Shack wavefront 
sensors5) or corneal topography–derived wavefront analy-
sis.6,7 Topography-guided,8 wavefront-driven,9 wavefront-
optimized,10 asphericity preserving, and Q-factor profi les11 
have been presented as solutions.

Schwiegerling and Snyder12 measured eye motion in 
patients undergoing LASIK using a video technique and 
determined centration and variance of the eye position dur-
ing surgery. They found a standard deviation �100 µm in eye 
movements in all eyes.

Taylor et al13 determined the accuracy of an eye tracking 
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system designed for laser refractive surgery. The system 
demonstrated an accuracy of 60 µm for an intact cor-
nea and 100 µm for a cornea with a thin fl ap.

Bueeler et al14 investigated the lateral alignment 
accuracy needed in wavefront-guided refractive sur-
gery to improve the ocular optics to a desired level in a 
percentage of normally aberrated eyes. To achieve the 
diffraction limit in 95% of normal eyes with a 7.0-mm 
pupil, a lateral alignment accuracy of 70 µm or better 
was required. An accuracy of 200 µm was suffi cient to 
reach the same goal with a 3.0-mm pupil.

Bueeler and Mrochen15 quantifi ed the parallax error 
associated with localizing corneal positions by tracking 
the subjacent entrance pupil center by means of opti-
cal ray-tracing in a schematic eye model. They found 
that tracking error can amount to 30% (or more for eye 
trackers mounted closer than 500 mm to the eye) of the 
detected lateral shift. Thus, if the eye tracker registers a 
lateral shift of the entrance pupil of 200 µm away from 
the tracking reference axis, the point of interest located 
on the cornea would essentially be 260 µm away from 
this reference axis. A laser pulse fi red at that moment 
would be systematically displaced by 60 µm.

Measuring rotation while the patient is sitting up-
right16 to when the refractive treatments are performed 
with the patient supine may lead to ocular cyclotor-
sion,17,18 resulting in mismatching of the applied versus 
the intended profi les.19,20 Some equipment has facili-
tated measurement of and potential compensation for 
static cyclotorsion occurring when the patient moves 
from upright to the supine position during the proce-
dure,21 thus quantifying the cyclorotation occurring be-
tween wavefront measurement and laser refractive sur-
gery22 and compensating for it.23-25 Further measuring 
and compensating ocular cyclotorsion during refractive 
treatments with the patient supine may reduce optical 
“noise” of the applied versus the intended profi les.26-28

Recently, many studies have discussed the meth-
odologies and implications of ocular cyclotorsion, 
but not many reports pay attention to the rolling and 
axial movements of the eye. In the current study, we 
evaluated the intraoperative six-dimensional (6D) eye 
movements and postoperative outcomes among aber-
rated eyes that underwent LASIK treatments with 6D 
eye-tracking using the SCHWIND AMARIS platform 
(SCHWIND eye-tech-solutions, Kleinostheim, Germany).

PATIENTS AND METHODS
For this prospective study, eyes were divided into 

aspheric ablation29 and ocular wavefront30 groups. En-
rollment criteria for the aspheric ablation group were 
astigmatism �1.00 diopter (D)20,31 at the corneal plane 
with root-mean-square (RMS) of the higher order aber-

ration (HOA) �0.38 D32 (~0.5 µm at 6-mm diameter). 
Enrollment criterion for the ocular wavefront group was 
RMS of HOA �0.38 D20,32 (~0.5 µm at 6-mm diameter) 
irrespective of the astigmatism magnitude. In total, 58 
eyes (35 in the aspheric ablation group and 23 in the 
corneal wavefront group) of 34 patients were enrolled.

SURGICAL TECHNIQUE
All surgeries were performed by one surgeon 

(M.C.A.). For corneal and conjunctival anesthesia, two 
drops of proparacaine HCl 0.5% (Aurocaine; Aurolab, 
Madurai, India) were instilled three times before mov-
ing the patient to the operating room. All fl aps were cre-
ated using a LDV femtosecond laser (Ziemer Group, Port, 
Switzerland) with superior hinges, 110-µm attempted 
fl ap thickness, and 9.0- or 9.5-mm nominal fl ap di-
ameter. A 9-mm marker was used to guide centration 
and to objectively measure the amount of applanation 
to achieve better fl aps in terms of centration and size. 
Online pachymetry by means of the integrated optical 
coherence pachymeter33 (Heidelberg Engineering, 
Heidelberg, Germany) was performed to measure stro-
mal bed thickness before and after fl ap lift. After lifting 
the fl ap, ablation was performed preserving fl ap edges, 
hinge, and interface of the fl ap disk from being ablated. 
Contact lens was applied at the end of surgery (Biomedics 
55 evolution; Ocular Sciences, Cooper Vision, Hamble, 
United Kingdom) in eyes with achieved fl ap thickness 
�110 µm. A 6.3-mm central fully corrected ablation zone 
was used in all eyes with a variable transition size au-
tomatically provided by the laser related to the planned 
refractive correction (6.5 to 8.8 mm). Ablation was per-
formed using the AMARIS excimer laser.34

LATERAL MOVEMENT TRACKING DURING ABLATION
A pupil-registration module is included in the eye-

tracker subsystem, in which the fi rst pupil image ob-
tained prior to starting the ablation is used as a refer-
ence and its location in reference to the limbus is used 
for further eye-tracker images to determine the pupil 
center shift compensation.

EYE ROLLING TRACKING DURING ABLATION
A scleral registration module is included in the eye-

tracker subsystem, in which the fi rst few scleral-tracker 
images obtained when starting the ablation are used as 
references (natural rolling) and compared to any fur-
ther scleral-tracker image to determine eye rolling.

STATIC CYCLOTORSION TRACKING BETWEEN UPRIGHT AND 
SUPINE POSITIONS

An eye registration module is included in the eye-
tracker subsystem, in which the diagnosis image (ie, the 
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corneal image acquired during the measurement of ocu-
lar wavefront) is used as a reference and compared to an 
eye-tracker image obtained prior to starting the ablation 
to determine the static cyclotorsion component.

DYNAMIC CYCLOTORSION TRACKING DURING ABLATION
An eye registration module is included in the 

eye-tracker subsystem, in which the fi rst eye-tracker 
image obtained prior to starting the ablation is used as 
a reference and compared to any further eye-tracker 
image to determine the dynamic cyclotorsion component.

AXIAL DISPLACEMENTS DURING ABLATION
A scleral registration module is included in the 

eye-tracker subsystem, in which the fi rst few scleral-
tracker images obtained prior to starting the ablation 
are used as references (natural level) and compared to 
any further scleral-tracker image to determine the axial 
displacements.

ANALYSES
The reported values are the crude eye movements 

as measured by the eye tracker and not the direct nu-
merical compensation applied by the system. More-
over, there is no eye-tracker lock-on for the AMARIS 
system. A 6D registration of the eye during treatment 
is attempted instead of six different one-dimensional 
registrations. For this reason, theoretically no over- or 
undercompensation occurs from the separate effects of 
two isolated eye movements.

REGISTRATION METRICS
The rate of successful registration was calculated for 

eye rolling, static cyclotorsion component, dynamic cy-
clotorsion component, and axial displacement values as:

(1)     EyeRegistrationRate (%) =   
RegisteredEyes

  ______________  
TotalEyes

   ·100

Mean values, standard deviation, and minimum 
and maximum values were computed for eye rolling, 
static cyclotorsion, dynamic cyclotorsion, and axial 
displacement. These measurements are expressed as 
percent of treatments.

The difference between the maximum and mini-
mum eye rolling, dynamic cyclotorsion, and axial dis-
placement values for each eye was taken as a metric of 
the movement range. Mean values, standard deviation, 
minimum and maximum values were computed for the 
movement ranges. These measurements are expressed 
as percent of treatments.

REFRACTIVE AND VISUAL METRICS
Refractive outcome, predictability of the astigma-

tism, safety (corrected distance visual acuity), and 
change in aberrations were analyzed separately by 
groups (aspheric ablation and ocular wavefront).

RESULTS
Figure 1 shows the 6D movements of a cooperative pa-

tient, whereas Figure 2 shows the 6D movements of an un-
cooperative patient. Cooperative refers to smooth, regular 
eye movement observed a posteriori, and uncooperative 
refers to erratic, irregular patterns of eye movement.

EYE POSITIONS DURING ABLATION
Lateral Eye Positions. Mean pupil center shift com-

pensation was �11�81 µm (range: �172 to �187 µm) 
for the horizontal axis and �140�158 µm (range: �470 
to 77 µm) for the vertical axis (Fig 3). Seventy-nine per-
cent of mean pupil center shift compensation measure-
ments were within 100 µm for the horizontal axis and 
48% for the vertical axis (Fig 4).

Eye Rolling. The rate of successful registration for 
eye rolling was 90% (52/58 successful eye rolling reg-
istrations) in this study.

Mean eye rolling was 2�3° (range: �4° to 7°) for the 
horizontal axis and �3�3° (range: �7° to 1°) for the 
vertical axis (see Fig 3). Seventy-eight percent of mean 
eye rolling measurements were within 5° for the hori-
zontal axis and 70% for the vertical axis (see Fig 4).

Static Cyclotorsion Between Upright and Supine 
Positions. The rate of successful registration for static 
cyclotorsion was 100% (58/58 successful static cyclo-
torsion registrations) in this study. Mean static cyclo-
torsion from upright to supine was 1�4° (range: �6° to 
7°) (see Fig 3). Eighty-three percent of static cyclotor-
sion measurements were within 5° (see Fig 4).

Axial Location. The rate of successful registration 
for axial displacement was 90% (52/58 successful eye 
rolling registrations). Mean axial displacement was 
�295�455 µm (range: �1129 to 404 µm) (see Fig 3). 
Sixty-seven percent of mean axial displacement mea-
surements were within 500 µm (see Fig 4). Mean axial 
displacement values were �1 mm in 10% of measure-
ments (see Fig 4).

EYE MOVEMENTS DURING ABLATION
Lateral Eye Movements. Mean pupil center shift 

compensation range during treatment was 549�188 µm 
(range: 256 to 928 µm) for the horizontal axis and 
781�356 µm (range: 356 to 1664 µm) for the vertical 
axis (Fig 5). For the horizontal axis, 55% of pupil cen-
ter shift compensation ranges were within 500 µm and 
24% for the vertical axis (Fig 6). For the vertical axis, 
21% of pupil center shift compensation ranges were 
�1 mm (see Fig 6).
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Eye Rolling Movements. Mean eye rolling range during 
treatment was 4�2° (range: 1° to 9°) for the horizontal axis 
and 5�2° (range: 1° to 8°) for the vertical axis (see Fig 5). For 
the horizontal axis, 78% of eye rolling ranges were within 
5° and 67% for the vertical axis (see Fig 6). For the horizon-
tal axis, 3% of eye rolling ranges were �8° (see Fig 6).

Dynamic Cyclotorsion During Ablation. The rate of suc-
cessful registration for dynamic cyclotorsion was 100% 
(58/58 successful dynamic cyclotorsion registrations). 
Mean dynamic cyclotorsion during treatment was 1�1° 
(range: �1° to 2°). Eighty-six percent of dynamic cyclotor-
sion measurements were within 1° of cyclotorsion.

Figure 1. Six-dimensional eye movements of a cooperative patient. A) 
Fixation display depicting the pupil positions detected during the course 
of treatment (I = inferior, N = nasal, S = superior, T = temporal). 
B) Z-tracking display depicting the axial displacements of the sclera 
detected during the course of treatment. C) Angular display depicting 
the rolling and torsion movements of the eye detected during the course 
of treatment. AngleX = horizontal rolling (°), AngleY = vertical rolling (°)

A

C

B

Figure 2. Six-dimensional eye movements of an uncooperative patient. 
A) Fixation display depicting the pupil positions detected during the course 
of treatment (I = inferior, N = nasal, S = superior, T = temporal). 
B) Z-tracking display depicting the axial displacements of the sclera detected 
during the course of treatment. C) Angular display depicting the rolling and 
torsion movements of the eye detected during the course of treatment. 
AngleX = horizontal rolling (°), AngleY = vertical rolling (°)

A

C

B
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Mean dynamic cyclotorsion range during treatment 
was 2�1° (range: 1° to 6°) (see Fig 5). Dynamic cyclo-
torsion amplitudes were within 3° in 83% of eyes (see 
Fig 6).

Axial Eye Movements. Mean axial displacement dur-
ing treatment was 460�271 µm (range: 60 to 1188 µm) 
(see Fig 5). Sixty-seven percent of axial displacement 

ranges were within 500 µm (see Fig 6). Three percent 
of axial displacement ranges were �1 mm (see Fig 6).

MANIFEST REFRACTION
Mean preoperative spherical equivalent refraction was 

�3.03�1.47 D (range: �6.25 to �0.50 D) for the aspheric 
ablation group and �1.51�0.73 D (range: �3.25 to �0.25 D) 

Figure 3. Measured eye positions. A) Linear movements (lateral and axial displacements) (PupilX = horizontal lateral shift, PupilY = vertical lateral shift, 
ZDeviation = axial displacement). B) Angular movements (rolling and torsion movements) (RollX = horizontal rolling, RollY = vertical rolling).

A B

Figure 4. Histogram of the mean eye positions. A) Linear movements (lateral and axial displacements) (PupilX = horizontal lateral shift, PupilY = vertical 
lateral shift, ZDeviation = axial displacement). B) Angular movements (rolling and torsion movements) (RollX = horizontal rolling, RollY = vertical rolling).

A B

Figure 5. Measured ranges for eye movements. A) Linear movements (lateral and axial displacements) (PupilX = horizontal lateral shift, PupilY = vertical 
lateral shift, ZDeviation = axial displacement). B) Angular movements (rolling and torsion movements) (RollX = horizontal rolling, RollY = vertical rolling).

A B
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for the ocular wavefront group (P�.0001). Mean preopera-
tive astigmatism was 2.03�0.56 D (range: 1.25 to 3.50 D) 
and 0.80�0.39 D (range: 0.00 to 3.50 D) for the aspheric 
ablation and ocular wavefront groups, respectively.

At 6 months postoperatively, mean spherical equiv-
alent refraction was reduced to �0.13�0.18 D (range: 
�0.50 to �0.25 D) for the aspheric ablation group 
(P�.0001) and �0.12�0.17 D (range: �0.50 to �0.25 D) 
for the ocular wavefront group (P�.0001), with no sig-
nifi cant differences between groups postoperatively. 
Mean astigmatism was reduced to 0.15�0.25 D (range: 
0.00 to 0.75 D) (P�.0005) and 0.15�0.25 D (range: 0.00 
to 0.75 D) (P�.001) for the aspheric ablation and ocu-
lar wavefront groups, respectively, with no signifi cant 
differences between groups postoperatively. Of the 
eyes treated in the aspheric ablation group as well as 

the eyes treated in the ocular wavefront group, 91%, 
respectively, resulted in a postoperative astigmatism 
magnitude within 0.50 D. Further details can be found 
in the Table and Figure 7.

CORNEAL ABERRATIONS
Mean preoperative RMS of the corneal higher order 

aberration analyzed at the 6-mm diameter was 0.33�0.15 
µm (range: 0.09 to 0.87 µm) for the aspheric ablation 
group and 0.53�0.13 µm (range: 0.34 to 0.98 µm) for the 
ocular wavefront group. At 6 months postoperatively, 
RMS was 0.34�0.14 µm (range: 0.15 to 0.62 µm) (P�.05) 
and 0.35�0.18 D (range: 0.10 to 0.890 µm) (P�.01) for the 
aspheric ablation and ocular wavefront groups, respec-
tively, with no signifi cant differences between groups 
postoperatively. Further details can be found in Figure 8.

Figure 6. Histogram of the ranges of eye movements. A) Linear movements (lateral and axial displacements) (PupilX = horizontal lateral shift, PupilY = vertical 
lateral shift, ZDeviation = axial displacement). B) Angular movements (rolling and torsion movements). (RollX = horizontal rolling, RollY = vertical rolling).

A B

TABLE

Demographics of Patients Who Underwent LASIK With 6D Eye-tracking 
Using the SCHWIND AMARIS

Group

Demographic Aspheric Ablation Ocular Wavefront

No. of eyes 35 23

Age (y) 33 (19 to 49) 35 (22 to 52)

Sex (F/M) (%) 54/46 61/39

Eye (Right/left) (%) 51/49 48/52

Preoperative SEq (D) �3.03�1.47 (�6.25 to �0.50) �1.51�0.73 (�3.25 to �0.25)

Preoperative astigmatism (D) 2.03�0.56 (1.50 to 3.50) 0.80�0.39 (0.00 to 3.50)

Preoperative RMS(HOA) at 6-mm (µm) 0.33�0.15 (0.09 to 0.87) 0.53�0.13 (0.34 to 0.98)

Postoperative SEq (D) �0.13�0.18 (�0.50 to �0.25) �0.12�0.17 (�0.50 to �0.25)

Postoperative astigmatism (D) 0.15�0.25 (0.00 to 0.75) 0.15�0.25 (0.00 to 0.75)

Postoperative RMS(HOA) at 6-mm (µm) 0.34�0.14 (0.15 to 0.62) 0.35�0.18 (0.10 to 0.89)

SEq = spherical equivalent refraction, RMS = root-mean-square, HOA = higher order aberration
Values represented as mean�standard deviation (range).
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VISUAL ACUITY
In the aspheric ablation group, 17% of the treated 

eyes gained 1 or more lines of CDVA and no eye lost 
lines of CDVA. In the ocular wavefront group, 21% of 
the treated eyes gained 1 or more lines of CDVA and no 
eye lost lines of CDVA (Fig 9). 

The mean difference in CDVA 6 months postopera-
tively compared to preoperative baseline was 0.2�0.4 
lines (range: 0 to �2 lines) (P�.05) and 0.4�0.6 lines 
(range: 0 to �2 lines) (P�.01) for the aspheric ablation 
and ocular wavefront groups, respectively.

DISCUSSION
The methods used in this study to determine eye 

movements include compensation for the ocular 
cyclotorsions occurring from upright to supine posi-
tion (static cyclotorsion from diagnosis to treatment), 
as well as lateral movements, eye rolling, dynamic 
cyclotorsion, and displacement along the propagation 
axis occurring during laser treatment. Furthermore, 
the differences in pupil size and center before and 
during treatment compared to that during diagnosis35 
were also compensated for, as the theoretical impact of 
cyclotorsional ablations is smaller than decentered abla-
tions or edge effects36 (coma and spherical aberration37). 
In this way, additional lateral displacements38 due to 
cyclotorsions occurring around any position other than 
the ablation center are avoided (induced aberrations 
emanating from lateral displacements always increase 
with decentration39).

A 6D eye-tracker is potentially valuable because un-
compensated pupil movements (lateral movements) 
and uncompensated rolling movements can induce 

decentrations,12,15 which can visually manifest as co-
matic aberrations.38 Uncompensated cyclotorsional 
movements may induce aberrations,20 whereas uncom-
pensated axial movements may induce undercorrec-
tions in an asymmetrical way. Axial movements cause 
the laser spots to be out of focus when they reach the 
cornea, ie, for the same energy spot diameter is larger, 
thereby reducing the radiant exposure and the ablation 
depth of the spot. Axial movements result in off-axis 
pulses hitting the cornea more centrally than planned 
if the eye moves towards the laser system and further 
peripherally if the eye moves away from the laser.

There was no a priori determinant for cooperative 
versus uncooperative patients. Figures 1 and 2 graphi-
cally represent the fact that eye movements vary in am-
plitude, velocity, and pattern.

Figure 7. Refractive outcome for astigmatism in the aspheric ablation 
(AF) group and ocular wavefront (OW) group.

Figure 8. Change in corneal higher order aberration terms analyzed at a 
6-mm diameter. Notice the minor induction of aberrations in the aspheric 
ablation (AF) group and the reduction in aberrations of the ocular wave-
front (OW) group.

Figure 9. Distribution of the change in corrected distance visual acuity 
(safety) in the aspheric ablation (AF) and ocular wavefront (OW) groups.
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We obtained an average of 0.15 mm of pupil dis-
placement. The distribution of the percentage of eyes 
versus pupil displacement (see Fig 4) showed 13% of 
eyes had pupil displacements exceeding 1 mm. The 
ranges for pupil displacements over the treatment 
were relatively mild (ie, �1 mm), but with peaks of up 
to approximately 1.5 mm.

We obtained an average value of 5° for rolling move-
ment. This value is actually the most commonly ac-
cepted value for “natural rolling” measured as angle 
alpha,40 lambda,41 or kappa.42 The distribution of the 
percentage of eyes versus rolling movements (see Fig 
6) showed 3% of eyes had rolling exceeding 8°. The 
ranges for the rolling movements over the treatment 
were found relatively mild (ie, �5°), but with peaks of 
up to approximately 10°.

We obtained an average cyclotorsion of 1° for static 
cyclotorsion, which was lower than the observations of 
Ciccio et al43 who reported 4°. The distribution of the 
percentage of eyes versus cyclotorsional error (see Fig 4) 
showed 3% of eyes had cyclotorsion exceeding 8°.

Mean dynamic cyclotorsion over treatment was rel-
atively small, but with peaks of up to approximately 
5°. Considering that the average cyclotorsion resulting 
from the shift from the upright to the supine position 
is approximately �4°,40 it is not enough to compensate 
only for the static cyclotorsion without considering 
the dynamic cyclotorsion during the laser procedure. 
Finally, the effects of the dynamic cyclotorsion can be 
considered as optical “noise” of the applied versus the 
intended profi les.44

Without eye registration technologies,45,46 maximum 
cyclotorsion measured from the shift from the upright 
to the supine position does not exceed �14°,40 which 
explains why “classical” spherocylindrical corrections 
in refractive surgery succeed without major cyclotor-
sional considerations. However, only limited amounts 
of astigmatism can effectively be corrected for this 
cyclotorsional error.20

With currently available eye registration technolo-
gies, providing an accuracy of approximately 1° and 
measuring static and dynamic cyclotorsion compo-
nents, patients may be treated for a wider range of re-
fractive errors with enhanced success ratios. This re-
quires high-resolution ablation systems as well.47,48 

With our system for measuring axial movements, we 
obtained an average of �300 µm. This negative value is 
fairly low, but indicates that patients push their heads 
back at the beginning of the treatment and return to a 
more level position during treatment (see Figs 1 and 
2). The distribution of the percentage of eyes versus 
axial movement (see Fig 4) showed 10% of eyes had 
axial movements exceeding 1 mm. The ranges for axial 

movements over the treatment were found relatively 
mild, but with peaks exceeding 1 mm.

In our study, 91% of treatments resulted in a post-
operative cylinder within 0.50 D, and 19% of treat-
ments gained lines of CDVA compared to preoperative 
baseline (P�.01). In discussing visual benefi ts, although 
visual acuity data are helpful, patients with 20/20 
vision may be unhappy with their visual outcomes due 
to poor mesopic and low contrast visual acuity; how-
ever, this was not addressed in the current study. 

More clinical data are required before statements can 
be made regarding how much improvement can be ex-
pected from the use of this tracking technology. Of fur-
ther value would be to determine if there is a benefi t to 
patients in decreased aberrations compared to patients 
treated with the same laser platform without 6D track-
ing. Contrast sensitivity, mesopic visual acuity, and 
subjective patient questionnaire data would be benefi -
cial in future studies to show whether this technology 
provides an appreciable difference in outcomes.
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