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Abstract. Excimer laser beams �193 nm� of uniform fluence were
studied to find out why they produce corneal ablations deeper at the
edge than the center. Ablation depth profiles were taken of porcine
corneas, including five dehydrated samples. Hydrated corneas and
polymethyl methacrylate were ablated with and without central
masks. Ablation plumes were photographed. Hydrated porcine cor-
neas showed patterns of central underablation. As the incident beam
increased, the crater exhibited increasingly shallower central ablation
while maintaining nearly constant depth at the edges. Dehydrated
corneas did not vary significantly. Masks did not alter the depth or
shape of craters near ablation edges, but depth adjacent to the images
of the masks was more than twice that with no mask. Depth adjacent
to the mask image was nearly the same as at the edge of the zone. The
rate of change in depth with position was nearly equal in both areas.
Maximum plume density was centered over the entire ablation with
and without the mask. Redeposition of plume particles is not the ma-
jor cause of central underablation. Propagating transverse energy from
the absorption of photons by peptide bonds increases pressure on
excited components within the irradiated area, increasing recombina-
tion, which raises the ablation threshold. © 2006 Society of Photo-Optical In-
strumentation Engineers. �DOI: 10.1117/1.2399091�
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1 Introduction
Excimer laser systems designed to ablate the corneal surface
for the purpose of changing the refractive power of the eye
were being tested as early as 1986.1 At the time, it was as-
sumed that the energy distribution in the laser beam deter-
mined the profile of the ablation on the cornea,2 and therefore,
a uniform laser beam would produce uniform ablation depth.3

This assumption appeared to be true for some plastic ma-
terials and for eyes dehydrated from dry nitrogen blown over
their surfaces during surgery. The blowing of dry nitrogen was
discontinued during early clinical studies because it increased
corneal haze. Thereafter, surgeons operated on normally hy-
drated eyes. Although corneal haze was reduced, many early
patients reported visual disturbances such as glare and
halos.4,5 These symptoms correlated with topographic patterns
of central undercorrection termed “central islands.”6 Conse-
quently, the laser ablation algorithms were modified to lessen
or eliminate the problem of central undercorrection.7 The al-
gorithm adjustments solved the problem in practice, but the
physical cause of central underablation has not been explained
satisfactorily.
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Although the problem of central islands is no longer a
matter of clinical concern, a more thorough understanding of
all factors affecting interaction of laser with corneal tissue is
important for the continuing improvement of laser refractive
surgery.

To date, four principal hypotheses have been advanced to
explain the phenomenon of nonuniform ablation: �1� pooling
of water in the center of the corneal ablation,4,8,9 �2� redepo-
sition of ablated material on the cornea,9–11 �3� partial block-
age of the laser beam by the residue from the plume of the
previous pulse,4 and �4� an ablation model that depends upon
the distance from the edge of the ablation.7,12 The exact con-
tribution of each to nonuniform ablation is not completely
understood.

The most extensive research into the cause of central un-
derablation was conducted by Noack et al.,10 who concluded
that central particle redeposition from the mushroom-shaped
cloud that formed over the ablated area was a major cause of
central underablation. Large beam sizes �up to 7 mm in diam-
eter� were used in their experiments.

Although this hypothesis accounted for a higher density of
material over the center of the ablated area, there was no
1083-3668/2006/11�6�/064032/8/$22.00 © 2006 SPIE
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evidence that material redeposited more thickly in the central
area. Nor does the theory account for the uniform ablation of
dehydrated corneas.

For the study described here, specific experiments were
designed to test the redeposition theory, and the results rein-
forced the concept that within the area of ablation, there is a
relationship between rate of ablation and distance from the
edge of the ablation. Additional experiments were conducted
to determine the relationship of ablation profile to fluence.
Additionally, dehydrated corneas were ablated and the craters
measured to assess the impact of hydration independent of
using the method of blowing dry nitrogen across the surface
concurrent with ablation.

The response of living rabbit eyes and living human eyes
to ablation by excimer laser is similar enough to the response
of enucleated porcine eyes to justify using enucleated porcine
eyes as a model of ablation characteristics in vivo. The varia-
tions in ablation depths are similar in shape in all three, but,
due to greater hydration, the enucleated eyes ablate deeper at
the edges than the living eyes. The amplitude of the undera-
blation in the enucleated eyes is about twice as much as in the
living eyes.7,13

2 Materials and Methods
2.1 Laser Ablation Profiles
To model ablation dynamics in corneas, measurements were
taken of porcine eyes, which were enucleated approximately
4 h prior to experimental use, having been stored on ice dur-
ing delivery. Each eye was prepared by cleaning excess con-
nective tissue and by mechanically debriding the epithelial
surface layer. Globes were stored together in a humid envi-
ronment until they reached equilibrium with room tempera-
ture. Although the ablation response at room temperature may
differ slightly from that at physiological temperatures, the rate
of energy deposited into the tissue has been clinically de-
signed to keep the temperature rise during ablation well below
the point of thermal denaturing of collagen. The eyes pro-
duced by this process are stable, but overly hydrated com-
pared to living rabbit or human eyes. For each measurement,
eyes were quickly transferred from the holding container to a
fixture, which supported the globe under the laser. Intraocular
pressure was controlled by injecting saline solution.

Ablation craters ranging from 1.0 to 6.5 mm in diameter
were made using a VISX STAR® Excimer Laser System
�Santa Clara, California� with the standard fluence of
160 mJ/cm2 and pulse-to-pulse variations that are within 2%.
The ablations were performed with the corneas at the treat-
ment plane of the laser, which is slightly below the focal point
of the laser beam. At this plane, the beam profile is shaped
like a top hat with rounded edges and is uniform to within 5%
over the central 90%. One hundred pulses were fired at
10 Hz. The ablation depth profile was normalized by the
number of pulses and averaged for 10 eyes ablated with the
same diameter ablation.

Five dehydrated corneas were included in the study for
comparison. Globes that had been prepared for experimental
use as described above were set aside for desiccation. The
corneal stroma was excised from the globe, rinsed with saline
solution, and placed on a curved surface to which to adhere

while drying. Each cornea was placed in an enclosed con-
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tainer with CaSO4 crystals �Hammond Drierite� for approxi-
mately 48 h. Although there still may have been some re-
sidual water, these corneas were considered dehydrated
because it was significantly different from the hydrated
samples, which had endured slight water uptake placing them
above the approximate 70% normal physiological water con-
tent level. No gas was blown across the cornea during the
ablation.

Additional ablation profiles were taken of hydrated corneas
in which the beam diameter was fixed at 5.0 mm while the
fluence level varied from 60 to 190 mJ/cm2. With the laser
operating in its standard clinical mode, 132 pulses were fired
for each fluence level. Fluence was measured and calibrated
according to standard calibration techniques. A logarithmic fit
of the depth-per-pulse data d as a function of fluence F was
used to determine the ablation threshold F0. A linear regres-
sion of the data in the format of Beer’s law was used to
calculate the absorption coefficient of the cornea

� =

ln� F

F0
�

d
.

Finally, measurements at the laser focal plane were taken
with and without an opaque mask placed across the laser ap-
erture. Two mask sizes were used—0.5- and 1.0-mm
wide—on a 6.5-mm ablation. The ablations were performed at
the focal plane of the laser to ensure that the mask was im-
aged sharply. In all cases, the beam profile is uniform to
within 5% across the entire area that is not masked within the
circular aperture while the pulse-to-pulse variation in deliv-
ered energy remained within 2%. The plume evacuator and
the temporal integrator were inactivated to maximize the po-
tential for plume redeposition and to minimize image motion.
The ablation sequences consisted of 100 pulses fired at 10 Hz.

An optical profilometer7 was used to measure the profile of
each ablation crater made on hydrated tissue. Surface profilo-
metry using a stylus-based device does not capture as accurate
of a measurement because of the much lengthier acquisition
time and the noise associated with tracing a pliant, hydrate
cornea with a rigid tip. The optical profilometer uses colli-
mated light passing across the surface of the cornea for cap-
ture by a high-resolution digital camera �Kodak MegaPlus
10/4i, Eastman Kodak�. The images taken before and after the
ablation were aligned beyond the unablated edges, and the
differences were calculated to obtain a profile of the ablation
shape. The profilometer utilizes image processing techniques
to provide submicron accuracy when good data are acquired,
which has been validated by independent metrology devices
and standardized reference surfaces. Due to increased surface
irregularities, a stylus profilometer �Taylor Hobson PGI 820�
was used to directly trace the surface of the dehydrated cor-
neal ablation. The dynamics of dry ablation does not allow for
a clean optical measurement across the surface. To obtain the
effective crater shape, the preablation surface was matched to
the postablation surface with registration software. The Taylor
Hobson device specifies a depth resolution that is on the order

of 0.01 �m.
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2.2 Plume Dynamics
Enucleated porcine eyes were ablated under different lighting
conditions with a 6.5-mm zone, both with and without a
0.5-mm opaque mask across the center of the ablation zone.
High-speed digital images of the ablation plume were cap-
tured with a Dalsa CA-D6 at a frame rate of approximately
600 Hz. Although this detection system is unable to record
the initial shockwave and events within the limits of the cam-
era speed, it is the dynamics that occur on the order of several
microseconds that are of interest in this study. Sixty frames
were captured in between laser pulses fired at 10 Hz. White-
light fiber optic illuminators were positioned laterally and
above the eye so that light would scatter off the plume par-
ticles into the camera. Spherical surfaces of polymethyl meth-
acrylate �PMMA� were ablated with and without the opaque
mask for comparison with the results of Noack et al.10

Fig. 1 Average depth-per-pulse ablation profiles performed on porcine
1, 1.4, 2, 3, 4, 5, 6, and 6.5 mm, proceeding outward from the cente
Fig. 2 The ablation response of a dehydrated cornea comp
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3 Results
3.1 Laser Ablation Profiles

Characteristic patterns of central underablation were present
in the ablation craters made on the porcine eyes. Figure 1
shows a series of ablation profiles from enucleated porcine
eyes made with a uniform 193-nm laser beam with the fluence
fixed at 160 mJ/cm2. The crater diameters ranged from 1.0 to
6.5 mm. The depths of these profiles vary significantly be-
tween the edge and center of the circular ablation with the
largest crater having only 40% of the ablation depth in the
center compared to the edge.

Ablation profiles of different diameters exhibited the fol-
lowing characteristics:

1. If the ablation zone was greater than 2 mm, the edge
depth remained nearly constant.

l tissue at 160 mJ/cm2. The series of lines represents aperture sizes of
cornea
ared to a hydrated cornea using the same diameter.
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2. The slope of the ablation profile away from the edge
was nearly constant regardless of the diameter.

3. The ablation depth is greater in zones less than 2 mm in
diameter.

4. The central underablation approaches maximum in
zones greater than 6 mm in diameter.

Figure 2 shows that the ablation of the dehydrated cornea
was uniform to within less than 10% over the 5-mm area with
no central underablation compared with a central underabla-
tion of 50% in the hydrated cornea. The absolute ablation of
the dehydrated cornea was only 37% as deep as the ablation at
the edge of the hydrated cornea. However, as reported by
Dougherty et al.,14 if the cornea is rehydrated, the tissue ex-
pands, and the ablation upon expansion is deeper than the
ablation in the hydrated cornea.

3.2 Variable Fluence
The ablation profiles of the corneas ablated with fixed diam-
eters and varying fluence showed that the shapes varied as a
function of fluence levels. Figure 3 is a plot of the profiles of
ablation craters made by a 5-mm beam with fluence levels of
62 to 184 mJ/cm2. At the highest fluence levels, the depth of
the pattern at the edge is 0.46 �m/pulse and at the center is
0.28 �m/pulse. As the fluence level decreased, both the edge
and the center ablation decreased until, at a fluence less than
124 mJ/cm2, the center ablation reached a constant level of
about 0.10 �m/pulse �here, the central ablation is less than
30% of the ablation at the edge�. As the fluence decreased
below this critical level, the central area of uniform ablation
widened while the rate of change in ablation depth just out-
side this area and extending to the outer edges was nearly
constant for the different fluence levels.

The ablation depths at the edges of the craters, as defined
by the points of maximum depth in Fig. 3, were plotted as a
function of fluence in Fig. 4. Using this curve and applying

2

Fig. 3 Ablation profiles for a 5-mm diameter spot as a function of appl
downward with increasing energy.
Beer’s law, the threshold fluence was 29 mJ/cm and the ab-
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sorption coefficient was calculated to be 37 800 cm−1. The
value of the absorption coefficient is in close agreement with
the values published by Pettit and Ediger.15 The threshold
fluence should correspond to values obtained using very small
beam sizes ��0.5 mm�.

Figure 4 also shows a plot of the central ablation depths as
a function of fluence. As the fluence increased from 60 to
110 mJ/cm2 there was no significant increase in ablation in
the center. As the fluence increased above 110 mJ/cm2, the
depth of the ablation increased at both the edge and at the
center. This pattern represented a secondary ablation threshold
for the center of the ablation zone. For any point between the
edge and the center, there is a corresponding secondary
threshold with a corresponding fluence between 60 and
110 mJ/cm2.

From Fig. 3, the distance from the edge of the ablation to
the intersection between the average of the line sloping up
from the edge and the −0.1-�m line �the depth of uniform
central ablation� was determined for different fluence levels.

ence. The top profile corresponds to the lowest energy and progresses

Fig. 4 Ablation rates of porcine cornea as a function of fluence based
on two different metrics: ablation depth at the edges and ablation
ied flu
depth at the center.
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Figure 5, which plots the six lowest fluence levels, shows that
this distance has a linear relationship with the fluence. Using
the velocity of sound in water �1.5 mm/�s� as a factor, the
right hand coordinate converts the distance from the intersec-
tion to the edge into time. For the given fluence range, the
time ranges from 0.5 to 1.7 �s.

3.3 Ablation Profiles with Opaque Masks
The ablation profiles for the 6.5-mm ablation zone with
opaque masks 0.5- and 1.0-mm wide projected across the cen-
ter are shown in Fig. 6. For comparison, the ablation profile
for the same diameter zone without an opaque mask is shown
as a dotted line. The profiles were taken from single eyes. The
ablation depths at the edge of the zone were not changed by
the presence of the opaque masks. However, the ablation
depths adjacent to the images of the opaque masks were more
than twice as deep as the profile with no mask. The point of
minimum ablation in both masked cases was located approxi-
mately halfway between the edge of the ablation zone and the

Fig. 5 The six lowest fluence levels in Fig. 3 are shown in this graph,
which plots the distance from the edge of the ablation to the point
where the average depth of the sloping portion of the ablation inter-
sects with the horizontal portion of the ablation. This plot shows the
distance to be a linear function of fluence. Using the speed of sound
in water �1.5 mm/�sec�, the distances correspond to the propagation
time shown on the right coordinate for energy to propagate from the
edge to the point of intersection.

Fig. 6 Comparing average depth-per-pulse profiles of a 6.5-mm diame
solid bold line represents results from the 0.5-mm masking; the thin gra

the standard 6.5-mm ablation profile with no mask.
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edge of the image of the opaque masks. The slope of the
ablation profile from the outer edge is similar in all three
cases. The ablation made with the 0.5-mm mask shows an
upward shift of the central 2 mm, which could be due to the
effect of the collagen fibrils splaying apart, acoustic energy
transmitting through the thin, unablated area, or some debris
being deposited in the central area.

3.4 Video Images of Ablation Plumes �PMMA�

Video images with and without an opaque mask were made of
the ablation plume from PMMA spherical surfaces with a ra-
dius of curvature similar to that of the eye. The images with-
out the mask were very similar to the images published by
Noack et al.10 Figure 7 �upper panel� shows a series of three
images taken at 1.5-ms intervals. There was no synchroniza-
tion between the laser pulse and the first image. The first
image was selected based on the lowest plume height. It is
estimated that this image was taken less than 750 �s after the
laser pulse. The plume rapidly collapses into a narrow column

tion on porcine cornea with and without a central opaque mask. The
epresents results from the 1.0-mm masking; and the dotted line shows

Fig. 7 Dynamics of ejected material from a 6.5-mm ablation on
curved PMMA surface. The upper panel shows results with no mask.
The lower panel shows results with a 0.5-mm opaque mask. Each
frame represents an interval of 1.5 ms. The bar in the first frames is the
width of the laser beam. The images are negative.
ter abla
y line r
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by 2 ms. A series of images from the PMMA ablation with the
opaque mask in place are shown in the lower panel of Fig. 7.
The velocity of the plume was slower and the column of the
plume was larger. The plume shows a split between the two
halves in the upper part, but the column is concentrated over
the center of the entire ablation area.

3.5 Video Images of Ablation Plume �Porcine Eyes�
The images of the ablation plume, which consists mostly of
water droplets,16 from the porcine eye are shown in the upper
panel of Fig. 8 and are similar to the images published by
Noack et al.10 The ablation plume generated from the porcine
eye travels at higher velocity than the plume generated from
PMMA.

The vertical plume from the porcine eyes appeared to rise
uniformly over the entire surface. It did not form as tight a
column as the plume from the PMMA. As shown in the lower
panel of Fig. 7, the velocity of the ablation plume decreased
slightly in the presence of the opaque mask. There was no
evidence of the plume splitting into two columns. The stron-
gest plume column remained centered over the entire ablated
area.

4 Discussion
While refinements to system calibration techniques continue
to improve the consistency in delivered energy, the variability
in the corneal substrate itself is likely to be the major cause of
deviations in ablation performance. To address this issue, we
have conducted experiments to elucidate which aspects or
properties of tissue ablation relate most significantly to the
magnitude of the central underablation.

Two different experimental methods were employed to ab-
late porcine corneas: �1� constant fluence level with varying
diameters, and �2� constant diameter with varying fluence lev-
els. Under method 1, with ablation diameters ranging from 1.0
to 6.5 mm, the central underablation increased with a nearly
constant slope away from the edge. The ablation at the center
of the largest diameter was only 40% of the deepest ablation
at the edge. When the diameter was 2.0 mm or less, the ab-

Fig. 8 Dynamics of material ejected from a 6.5-mm diameter ablation
on porcine cornea. The upper panel shows results with no mask. The
lower panel shows results with a 0.5-mm opaque mask. Each frame
represents an interval of 1.5-ms. The bar shown in each of the first
frames is the width of the laser beam. The images are negative.
lation at the edge was 20% greater than the ablation at the
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edge of the larger diameter. There was no sign of significant
central underablation in the dehydrated corneas.

Careful observation of the ablation patterns of different
diameters reveals characteristics that are not easily explained
by plume redeposition alone. The experiments reported in this
paper were intended to have a minimum effect on plume dy-
namics while producing significant changes in the ablation
characteristics. The video images of the plume showed that a
central column forms whether or not the narrow opaque mask
is in place, yet the ablation profiles of masked and unmasked
ablations are radically different. With the mask, the ablation
near the center of the 6.5-mm area is up to 120% deeper. The
slope of the ablation profile near the central edge bounded by
the mask is similar to the slope near the edge of the ablation,
which further indicates that ablation characteristics are a func-
tion of the distance from the edge of the ablation as previ-
ously suggested.7,12

A model that can account for these effects must be able to
describe the full three-dimensional ablation crater, not just
simply depth or volume removed per pulse. Vaporization pro-
cesses and plume dynamics appear incapable of explaining
the unique spatial features seen in ablating hydrated tissue.
Models exist that address some of the necessary thermome-
chanical and spatial aspects17,18 but none have successfully
predicted the formation of central underablation in soft tissue
such as cornea.

Our hypothesis for this phenomenon is that transverse en-
ergy propagating within the ablated area creates increased
pressure in the center. For this pressure to affect the ablation
threshold in the center, it must last long enough to allow a
greater rate of recombination. Studies using time-delay pho-
tographic techniques show that material begins to be ablated
about 70 ns after the pulse and that the ablation continues for
more than 20 �s.19 These, and other similar experiments20

used much smaller ablation areas ��0.5 mm� and fluence lev-
els 2 to 6 times higher than in the experiments reported in this
paper. Experiments conducted by Noack et al. using a 7-mm
ablation zone, show the plume is attached at the base for up to
300 �s.10 Other experiments using photoacoustic studies con-
clude that ablation caused by 193-nm laser pulses begins
within 10 ns of the start of the laser pulse and terminates in
about 30 ns.21 These differences in time may be related to a
delay between the breaking of molecular bonds, which creates
a shock wave, and the actual displacement of the ablated
material.

The significant difference between the ablation of the hy-
drated versus the dehydrated cornea and the change in clinical
results between blowing and not blowing dry nitrogen6 shows
that the water content of the cornea plays an important role in
determining the ablation profile. Nikogosyan and Görner22

concluded that the main targets of 193-nm radiation are the
peptide bonds in the collagen. Water fills the spaces between
the collagen fibrils and tends to hold the broken molecules in
place while the excess energy released as the bond breaks is
transmitted as an impulse to other molecules. As fluence in-
creases, the number of bond breaks per unit area increases,
thereby increasing the number of impulses per unit time,
which, in turn, causes an increase in pressure.

Each photon that is absorbed produces a shock wave that

travels with varying strength in all directions. Energy travel-
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ing perpendicular to the surface will travel outside the absorp-
tion depth within 0.1 ns, a time much shorter than the laser
pulse. However, it takes several microseconds for acoustic
energy to be transmitted across a 6-mm ablation area. There-
fore, transverse energy propagation is relevant to the time
scale of the ablation process. Three conditions can exist at a
point a small distance x from the edge of the ablation: �1�
Initially, point x will receive a series of impulses from all
sides. �2� After a time t1=x /v, where v is the propagation
velocity of the wave ��1.5 mm/�s for water�, point x will
no longer receive impulses propagating from the nearest edge.
�3� After an additional time t2= �s−x� /v, where s is the width
of the ablation zone, point x will no longer receive impulses
from any side.

The probability of recombination should be maximized in
the first condition when impulses from opposite directions
exert symmetrical pressure on the excited components. In
condition 2, with impulses exerting asymmetrical pressure,
the probability of recombination is low because the excited
components of different mass are being displaced rather than
being held in proximity. Condition 3 may further decrease the
probability of recombination as there would be no external
pressure on the excited components. Condition 3 occurs in
ablation zones that are very small in diameter and may be the
explanation for the increased ablation depth in areas less than
2 mm as seen in Fig. 1.

Srinivasan stated that ablation occurs when photofrag-
ments reach a critical density within the material. Below
threshold photofragmentation is negligible. Above this thresh-
old, relaxation back to a ground state reaches a steady state
condition and photofragmentation may then successfully com-
pete with relaxation. Additionally, according to Srinivasan,
below the ablation interface, the bulk of the material is con-
stantly changing its properties according to its photochemical
history.23 The probability of simple molecules recombining is
a function of proximity and time.24 If the same is true for
complex molecules, higher pressure on the excited compo-
nents will keep them in proximity longer, which increases the
probability of recombination. However, recombination of
complex molecules may result in modified molecular
structures.

Fluorescence, which is one by-product of recombination,
has been reported to last for 10 to 20 ns at fluence levels
below threshold25 and to persist for several microseconds at
high fluence levels.26 Increasing the fluence increases the
number of excited components and, therefore, the time needed
to complete the recombination-relaxation process. It follows
that the threshold for ablation of large areas is not a constant
for a material, as was previously suggested,27 but is a function
of the recombination rate. The recombination rate is depen-
dent upon the time in which symmetrical pressures are ex-
erted, which is dependent on the distance from the edge of the
ablation zone. Figure 5 gives the time for recombination to
occur before asymmetrical forces dominate the ablation pro-
cess. This time ranges from 0.5 to 1.7 �s for the given flu-
ence range, and the speed of energy propagation is equal to
the speed of sound in water. If the curve in Fig. 5 is extrapo-
lated to a fluence of 160 mJ/cm2, the ablation shape will

have a flat central area for diameters �7.0 mm.
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In a dehydrated cornea, excited molecules separate quickly
because there is little or no water filling the space between
them. Consequently the rate of recombination in the central
area has the same low value as at the edge of the ablation, and
the ablation profile is more uniform.

The presence of a central mask effectively splits an abla-
tion into two separate areas, each of which experiences the
effect of the propagating transverse impulses independently.
Energy propagation through the unablated area in the middle
would arrive at a point in the other half after a period of
asymmetrical forces and should have minimal effect on the
recombination rate, depending on the width of the mask. In
this experiment, the minimum ablation depth was located
halfway between the outer edge of the ablation and the edge
of the central mask. Some variation in profile shape was ex-
pected because the outer edge of the ablation is curved and
the inner edge of the mask is straight.

The plume dynamics are largely determined by the pres-
sure exerted on the circumference of the rising column of
ablated material. With a narrow mask, the pressure on the
circumference changes only a little, and the column will not
rise as two separate columns, but remains centered over the
middle of the ablated area.

Histological studies of ablated corneas with electron mi-
croscopy revealed a pseudomembrane of an electron-dense
layer of unraveled collagen fibrils and another less compact
layer thought to be redeposited material. The total thickness
of the two layers was 100 to 300 nm.10,28 Marshall et al.29

reported that the thickness of the pseudomembranes ranged
from 20 to 220 nm. No correlation has been found between
thickness and position for measurements that were closely
spaced.10 Whether the formation of the pseudomembrane is
caused by the recombination of broken bonds or redeposited
material, either model would predict a thicker layer in the
central region of minimum ablation. However, the two layers
need to be measured separately, as the thickness of the unrav-
eled collagen fibrils may be due to the change in ablation
threshold.

5 Conclusions
The theory that redeposition of ablated material is the primary
cause of underablation in the center of large ablation zones
does not fully explain the changes in ablation profiles that
take place under selected conditions. A new hypothesis pre-
sented in this paper proposes that during ablation, propagating
transverse energy interacts with the excited components, caus-
ing an increased ablation threshold in the center relative to the
edge. This explanation is supported by the results of experi-
ments in which ablation profiles were obtained by different
methods and under different conditions: �1� by bisecting the
ablation zone with an opaque mask, �2� by reducing the flu-
ence to near threshold, and �3� by predicting the shape of
larger ablations as a function of fluence. Additional studies
employing time resolution photography, spatial fluorescence
measurements, and electron microscopy to measure the thick-
ness of the pseudomembrane are needed to further clarify the
process and provide additional support for this theory. A more
detailed model of the recombination-relaxation process of

complex biological molecules is also needed.
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