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Lasers in Surgery and Medicine 38:218—228 (2006)

Mid-IR Laser Ablation of Articular and Fibro-Cartilage:
A Wavelength Dependence Study of Thermal Injury

and Crater Morphology

Jong-In Youn, php,! Paula Sweet, mt,! George M. Peavy, pvm,! and Vasan Venugopalan, scp

1,2

!Beckman Laser Institute and Medical Clinic, University of California, Irvine, Irvine, California 92612
2Department of Chemical Engineering and Materials Science, University of California, Irvine, Irvine, California 92612

Background and Objectives: The aim of this study was
to evaluate areas of collateral thermal injury and crater
morphology for evidence of wavelength-dependent effects
on the ablation of articular cartilage and fibro-cartilage
(meniscus) using selected mid-IR wavelengths produced by
a free electron laser.

Study Design/Materials and Methods: Two types of
cartilage, articular cartilage and fibro-cartilage were used
in the study. The wavelengths (1) evaluated were 2.79, 2.9,
6.1, and 6.45 pm generated by a free electron laser (FEL)
using a 4 microseconds macropulse configuration. The zone
of thermal injury and crater morphology produced by laser
ablation were examined by light microscopy following
standard histologic processing.

Results: The zone of thermal injury and crater morphology
created in cartilage by the FEL at selected mid-IR
wavelengths were examined as a function of incident
radiant exposure. Ablation using 1 =6.1 um provided the
largest crater size for both articular and fibro-cartilage at
all radiant exposures. For the zones of collateral thermal
injury in articular cartilage, A =6.1 pm produced the least
thermal injury at the radiant exposure of 7.6 J/cm?. When
the radiant exposure is increased to 20.4 J/cm? both 1 =6.1
and 6.45 um produced less thermal injury than the ablation
using 1 =2.79 and 2.9 pm. The greatest amount of collateral
thermal injury was produced by A =2.79 um for both tissue
types.

Conclusions: The results demonstrate that crater depth
and collateral thermal injury produced in articular carti-
lage and fibro-cartilage are wavelength-dependent with
6.1 um providing the largest craters at all radiant expo-
sures. The least amount of thermal injury was created in
articular cartilage using A = 6.1 um at the radiant exposure
of 7.6 J/em?. Both 6.1 and 6.45 ym wavelengths demon-
strated similar amount of thermal injury at 20 J/cm? that
was less than 2=2.79 and 2.9 um at similar fluences. These
observations are explained based on the absorption by
water and protein in the tissue types studied. It is further
observed that the use of crater dimensions may not provide
a reliable estimate for the amount of tissue removal
provided by an ablation procedure. Lasers Surg. Med.
38:218-228, 2006. © 2006 Wiley-Liss, Inc.
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INTRODUCTION

Over the past few decades, lasers have found access to a
variety of medical fields. Lasers have been evaluated in
arthroscopic surgical procedures of the knee for the
treatment of injured articular cartilage and torn meniscus
tissue as a means of achieving controlled removal of tissue
with minimal collateral thermal injury [1-20]. While an
early investigation of the Nd:YAG laser (1=1064 nm)
effects on articular cartilage and meniscus reported that
the damage characteristics and healing response produced
by the Nd:YAG laser were advantageous over scalpel and
electrocautery, the zones of thermal injury were not
specifically addressed and no histologic quantification of
results were provided [1]. An investigation of the effect of
varying Ho:YAG laser (1 =2.1 pym) parameters on ablation
of bovine knee joint tissues found that zones of thermal
injury varied between tissue types, but were independent of
the fluence, pulse width, and fiber size [7]. A study using
five different laser systems [XeCl Excimer (/=308 nm),
KTP (1=532nm), Nd:YAG, Ho:YAG and CO3 (1 = 10.6 um)]
and electrocautery by Vangsness et al. [11] indicated that
the KTP laser produced the least thermal injury zone and
that electrocautery produced the roughest surface, which
was pitted and jagged. Bernard et al. [16] also examined
cartilage ablation using several laser systems reporting
that the XeCl excimer laser provided minimal thermal
injury, but ablation rates and cutting efficiency were lower
than other laser systems. While the studies by Vangsness
et al. and Bernard et al. provided general ablation
characteristics produced by various laser systems, no
systematic correlation was made between specific laser
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parameters (i.e., pulse duration (t), repetition rate (f),
incident radiant exposure (@), and spot diameter) and the
resultant ablation characteristics [11,16]. Since the early
1990s, cartilage ablation studies have focused on the
Er:-YAG laser (1=2.94 pm) because its wavelength is
strongly absorbed by water and results in minimal thermal
injury [18—20]. Gonzales et al. [18] conducted a comparison
of Er:YAG and CO, laser ablation of cartilage and
indicated that the Er:YAG laser efficiently ablates carti-
lage with significantly less thermal injury. The effects of
Ho:YAG and Er:YAG laser pulses (t =400 microseconds)
on chondrocyte viability using different energy levels also
demonstrated that thermal injury was greater with
Ho:YAG (~1,800 um) than with the Er:YAG laser (~70
pm) [19]. The thermal injury and crater size produced by
Ho:YAG and Er:YAG laser ablation was also quantified by
confocal microscopy, demonstrating that larger zones of
thermal injury and smaller ablation depths were achieved
using the Ho:YAG laser as compared to the Er:YAG
laser [20].

Previous studies suggest that the use of A =2.9 um due to
optical absorption by the water OH-stretch mode results in
explosive vaporization and provides an efficient process for
cartilage ablation [4,18-20]. Vogel and Venugopalan
considered the temperature dependence of the optical
properties of water. Their analysis revealed that for radiant
exposures in the range of 0.1-10 J/cm?, the optical
penetration depth of 1 =2.79 um radiation is in fact lower
than 1=2.94 um. As a result, it is possible that ablation
using Er:YSGG (1 =2.79 um) offers better spatial confine-
ment of the deposited laser energy and resultant thermal
injury than 2=2.94 pm radiation under certain conditions
[21]. In this study, both 2.79 and 2.9 um wavelengths were
chosen to examine this possibility.

A wavelength-dependent study of tissue ablation is
essential because the optical absorption properties of the
tissue are important factors that affect crater depth and
collateral thermal injury. While water is the dominant
chromophore in tissue, the direct targeting of protein may
provide increased ablation efficiency with less collateral
thermal injury through protein modification. Several
studies have indicated that wavelengths absorbed by
tissue matrix instead of, or in addition to, the tissue water
may prove advantageous in increasing ablation rate and
reducing collateral thermal injury [22—32]. Using the
unique pulse structure of an FEL tuned to several
wavelengths between 3.0 and 6.85 um, Edwards et al.
[22] were the first to report that the optimal wavelength, as
determined by ablation yield and collateral thermal
damage, was 6.45 pm for cornea and neural tissue, and in
the range of 6.0—6.45 um for dermis. Many investigators
since then have used the FEL to target tissue matrix at the
Amide I (~6.1 pm), Amide IT (~6.45 um), and/or Amide III
(~7.87 pm) absorption peaks to examine ablation char-
acteristics as a function of wavelength [23—32]. Although
Edwards et al. demonstrated that the 2 =6.45 pm provided
good ablation yield with little collateral thermal injury,
several studies using an FEL to examine wavelength
dependence have indicated that 1=6.1 pm rather than
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A =16.45 um radiation provides the best ablation efficiency
with the least amount of collateral thermal injury
[24,27,30—32]. In the present study, both 6.1 and 6.45 um
wavelengths were chosen to examine the targeting of
protein and water simultaneously on the one hand and
primarily tissue protein on the other. We have previously
investigated the mass removal of articular and fibro-
cartilage at selected mid-IR wavelengths (2.79, 2.9, 6.1,
and 6.45 pm) and found that A=6.1 pm provided the
greatest ablation efficiency in both types of cartilage [32].
In this study, detailed information regarding thermal
injury and crater morphology following mid-IR FEL
ablation at these wavelengths is presented.

MATERIALS AND METHODS

A mid-infrared FEL tuned to one of the four wavelengths
of interest, 2.79, 2.9, 6.1 or 6.45 pm, delivered in 4 micro-
seconds duration macropulses at a repetition rate of either
5 or 10 Hz was used for this study. The radiant exposure
delivered to the tissue was set to predetermined values
between 7.6 and 20.4 J/cm? using a custom-made germa-
nium attenuator, and confirmed by an energy meter (EM
500, Molectron Inc., Portland, OR). The optical arrange-
ment was as previously described using a beam diameter of
500 + 10 pm at the target surface as measured directly for
each wavelength by use of a custom-designed motorized
knife-edge instrument [32]. The patella, distal femur,
proximal tibia, and both menisci were isolated from fresh
bovine cadaver knees obtained from a local abattoir.
Individual specimens were harvested by 4-mm biopsy
punch wrapped in 0.9% saline-soaked gauze sponges,
placed in sealed plastic bags and refrigerated until used.
Each sample was placed in a sealed container of 10%
phosphate-buffered formalin and refrigerated for histology
following ablation.

For histologic analysis, samples were rinsed and placed
in a phosphate-buffered saline solution and then gross
photomicrographs were made using an Olympus SZH
microscope (Olympus America, Inc., Melville, NY) with an
Olympus MicroFire digital imaging system (Olympus
America, Inc.). Following photography, the samples were
imbedded in paraffin and processed for histology. Serial
sections were cut perpendicular to the tissue surface at 6 pm
intervals, mounted on 1x3 inch glass slides and stained
with Hematoxylin and Eosin-y (H&E).

For analysis of crater morphology, the section of each
specimen with the deepest crater was identified and
photographed using light microscopy (Olympus BH-2,
Olympus America, Inc.) and a MicroFire digital imaging
system (Olympus America, Inc.). The width, depth, and
area of the crater were measured using IP Lab (Scanalytics,
Inc., Fairfax, VA). The IP Lab program was also used to
measure the zone of thermal injury at three points; the base
of the crater and the mid-point of each side of the crater
perpendicular to the surface of the crater as shown in
Figure 1. The measured values of crater width, depth,
cross-sectional area, and the zones of thermal injury at all
incident radiant exposures tested were compared by
statistical ¢-test (two-tailed).
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Fig. 1. Schematic of measurements of crater width, depth, and
the zones of thermal injury at the base of the crater and the
mid-point of each side of the crater perpendicular to the crater
surface. The error bars are standard deviations.

RESULTS

Figure 2 presents light micrographs of typical histologi-
cal sections following ablation of articular cartilage at
®="17.6 J/em? at each of four wavelengths. Histological
examination of articular cartilage after A1=6.1 ym FEL
ablation at 7.6 J/cm? revealed zones of thermal injury of less
than 15 pm (Fig. 2C). In contrast, thermal injury zones at
the other three wavelengths (2.79, 2.9, and 6.45 um) were
more prominent ranging from 30 um to 80 pm with the
largest zone of thermal injury observed for 1=2.79 pm
(~80 um). Figure 3 presents typical sections of articular
cartilage for a radiant exposure of 20.4 J/ecm?. At this high
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radiant exposure, A=6.1 pym produced the largest crater
size. Both A=6.1 and 6.45 pm produced the least thermal
injury at the crater bottom (~30 um) and side (~10 pm) as
compared to the other two wavelengths (Figs. 3 and 4).
Quantitative measurements of thermal injury on the side
and bottom of the ablation craters are provided in Table 1
(Fig. 4A) and Table 2 (Fig. 4B), respectively. At 7.6 J/cm?,
A=2.79 um produced the greatest thermal injury along the
crater sides (P<0.01) was found and /=6.1 um produced
the least thermal injury (P<0.01). For & =20.4 J/cm?, we
found similarly that the greatest thermal injury was
produced at 1=2.79 pm (P<0.01), but a minimal amount
of thermal injury was produced at both 2=6.1 pm and
A=6.45 um (Table 1, Fig. 4A) with no statistical difference
between them. For the crater and base at ®="7.6 J/cm?,
the greatest thermal injury was found at 1=2.79 pm
(P<0.03) and the least at 2=6.1 pm (P<0.01). However, at
@ =20.4 J/cm?, the thermal injury provided by A=6.1 ym
and 1=6.45 um are essentially equivalent (Table 2,
Fig. 4B). In Figure 5, we present (A) the width, (B) depth,
and (C) cross-sectional area of the ablation craters for each
wavelength as a function of radiant exposure. Figure 5A
shows that the ablated craters formed by 1=6.1 and
6.45 pm are wider as compared to those created at 1=
2.79 and 2.9 um. Analysis of the data in Figure 5B reveals no
correlation between crater depth and wavelength with
increasing incident radiant exposure. For a fixed radiant
exposure, there was no statistically significant difference in
the cross sectional area of the ablated craters at /. =2.79,

Fig. 2. Histologic sections of articular cartilage ablation craters created using 7.6 J/cm? for
each of four different wavelengths; (A) 2.79 pm, (B) 2.9 um, (C) 6.1 pm, and (D) 6.45 pm.
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Fig. 3. Histologic sections of articular cartilage ablation craters created using 20.4 J/cm? for
each of four different wavelengths; (A) 2.79 pm, (B) 2.9 pm, (C) 6.1 um, and (D) 6.45 pm.

2.9, and 6.45 um, however, there was a significantly greater
crater area produced by 1 =6.1 pm (P<0.01) (Fig. 50).
Figure 6 presents typical sections produced by ablation of
fibro-cartilage at @ =7.6 J/cm? Ablation at 1=2.79 um
produced significant thermal injury (>180 pm) along the
fibers in the upper region of the crater (Fig. 6A). The least
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thermal injury (<10 pm) was observed at 1=6.1 pm
(Fig. 6C). Figure 7 shows sections of typical craters
produced at ®=20.4 J/cm? Ablation at 1=2.79 pm
occasionally produced an area of char with much thermal
injury (>80 pum) (Fig. 7A). In contrast, the least thermal
injury (<10 um) was observed at A=6.1 pm (Fig. 70).
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Fig. 4. Zones of thermal injury for articular cartilage (um) at 7.6 J/cm? and 20.4 J/cm?;
(A) width of thermal injury at side, and (B) width of thermal injury at base of crater. The error

bars are standard deviations of the data.
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TABLE 1. Quantitative Measurements of Thermal Injury at the Sides of Ablation
Craters Made in Articular Cartilage Using 2.79, 2.9, 6.1, and 6.45 pm Laser

Wavelengths. For Each Parameter, n =5

[0 A=2.79 pm A=2.9 ym A=6.1 um A=6.45 um
7.6 J/cm? 80 + 28 um 40 + 20 pm 13 + 3 pm 29 + 8 um
20.4 J/em? 40 + 7 pm 19 £+ 4 um 10 £ 2 pm 11 £ 2 pm

TABLE 2. Quantitative Measurements of Thermal Injury at the Base of Ablation
Craters Made in Articular Cartilage Using 2.79, 2.9, 6.1, and 6.45 pm Laser

Wavelengths. For Each Parameter, n =5

[ A=2.79 ym A=2.9 um A=6.1 pym A=6.45 um
7.6 J/em? 70 + 30 pm 70 + 30 pm 15 £ 4 um 32 +4pum
20.4 J/cm? 100 £+ 30 um 60 + 20 um 30 + 20 pm 30 + 20 pm

Ablation craters produced in fibro-cartilage by all four
wavelengths resulted in an irregular variation of thermal
injury around the sides of the craters (Fig. 7). Unlike
articular cartilage, meniscus is a fibro-cartilaginous tissue
composed of an interlacing network of distinct collagen
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fibers. Thermal energy generated in fibro-cartilage sub-
sequent to laser irradiation is transferred along the
collagen fibers producing a highly irregular and spatially
varying zone of thermal injury at both side and bottom
regions of the craters that is dependent upon the local
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Fig. 5. Crater geometry measurements of articular cartilage versus incident radiant
exposure; (A) width at surface, (B) depth, and (C) area of the craters. The error bars are
standard deviations of the data.
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Fig. 6. Histologic sections of fibro-cartilage ablation craters created using 7.6 J/cm? for each of
four different wavelengths; (A) 2.79 um, (B) 2.9 um, (C) 6.1 pm, and (D) 6.45 pm.

orientation of the collagen fibers (Figs. 6 and 7). This high
variability precluded us from providing meaningful quan-
titative measurements of thermal injury for fibro-cartilage.

Figure 8 provides the quantitative measurements of the
crater morphology for fibro-cartilage ablation. The greatest

crater width and area were observed at A1 =6.1 pm with
the exception of the outlying data point at & =17.8 J/cm?
(Fig. 8A,C), however, no correlation was found between
wavelength and crater depth produced with increasing
incident radiant exposure (Fig. 8B).

Fig. 7. Histologic sections of fibro-cartilage ablation craters created using 20.4 J/cm? for each
of four different wavelengths; (A) 2.79 pm, (B) 2.9 um, (C) 6.1 pm, and (D) 6.45 pm.
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DISCUSSION

Cartilage is an avascular tissue consisting of chondro-
cytes and extracellular matrix composed of predominantly
water and protein (proteoglycan aggrecans and collagen)
[33—36]. The water and protein content differ significantly
between cartilage types as articular cartilage contains 70%
water and 30% protein while fibro-cartilage contains 55%
water and 45% protein [36]. Optical absorption is one of the
important factors affecting ablation dynamics and the
resultant thermal injury. Water is the principal constituent
in cartilage and is the strongest optical absorber overall in
the IR spectral region.

Although water is the dominant chromophore in soft
tissue, proteins can act as important chromophores at
specific mid-IR wavelengths. Many experimental investi-
gations using a variety of tissues have been performed
using a FEL because of its broad wavelength tunability
[22—32]. The relationship between optical absorption and
collateral thermal injury has been investigated as a
function of wavelength using FEL irradiation, and has
demonstrated that the collateral thermal injury decreases
with increasing optical absorption [25,26,28,29]. Fowler

et al. [27] found that the least amount of collateral thermal
injury during corneal ablation was achieved when using
4=6.1 um. Heya et al. [30] demonstrated that gelatin with
80 wt% water was most efficiently ablated by a FEL when
using /=6.1 pym. Mackanos et al. [31] provided a histolo-
gical analysis of corneal and dermal tissue to determine
thermal injury at A =6.1 ym and 4 = 6.45 pm using 1 ps and
200 ps FEL pulses and found that 1=6.1 um showed
significantly less thermal injury on both tissue types as
compared to A=6.45 um. No significant difference in
thermal injury was found between the two different pulse
durations [31].

The thermal injury and crater morphology of articular
and fibro-cartilage reported in this study demonstrate that
the largest crater area with the least amount of collateral
thermal injury is produced in both cartilage types when
using A =6.1 um. The 6.1-um wavelength is highly absorbed
by both protein (1, = 2,700 /cm) and water (u, = 8,480 /cm).
Delivery of A=6.1 pm radiation in 4 microsecond macro-
pulses to articular cartilage produced regions of thermal
injury of less than 40 pm on both the crater side and base.

The water molecule vibrates in a number of modes and
characteristic absorption bands exist at 2 =2.9 and 6.1 pm
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collagen at the corresponding wavelengths, 2.79, 2.9, 6.1, and 6.45 um; (A) width of thermal
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[37]. The main absorption bands of protein arise from the
peptide bond vibrations at 1=6.024-6.097 um and
1=6.451-6.514 pm referred to as Amide I and II,
respectively [38]. Due to its larger water content, the
absorption coefficients of articular cartilage are higher
than those of fibro-cartilage at 1=2.79 and 2.9 pym. By
contrast, higher absorption coefficients are observed for
fibro-cartilage than for articular cartilage at 1=6.1 and
6.45 pm due to its higher protein content.

Figures 9 and 10 present the thermal injury produced
at the side and base of the ablation crater in articular
cartilage versus the optical penetration depth (1/u,) of
collagen (Fig. 9) and water (Fig. 10). For both crater side
(Fig. 9A) and base (Fig. 9B), there is a clear, monotonic

increase in thermal injury with increasing optical penetra-
tion depth of collagen suggesting that high absorption by
collagen results in less collateral thermal injury. This
finding is consistent with soft-tissue studies for which less
collateral thermal injury has been demonstrated when
using wavelengths that target the principal chromophores
such as protein and water [22—30]. No correlation was
found between the optical penetration depth of water and
thermal injury produced in articular cartilage (Fig. 10).
The histologic analysis of both articular and fibro-
cartilage revealed that laser ablation at A1=2.79 pm
produces the greatest amount of thermal injury. It has
been shown that the absorption peak of water at A = 2.94 um
shifts toward the shorter wavelengths as the water
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Fig. 10. Collateral thermal injury of articular cartilage versus optical penetration depth of
water at the corresponding wavelengths, 2.79, 2.9, 6.1, and 6.45 um; (A) width of thermal
injury at side, and (B) width of thermal injury at base of crater.
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temperature is increased due to the weakening of the
hydrogen bonds between adjacent water molecules [39,40].
Earlier analysis of Vogel and Venugopalan demonstrated
that 1 =2.79-um radiation offers better spatial confinement
of the laser energy than /=2.94 um radiation when the
incident radiant exposures are between 0.1 J/cm? and
10 J/em? [21]. In our presented histology analysis, the
greatest amount of thermal injury shown in both cartilage
types at 1=2.79 um, where radiant exposures are larger
than 7 J/cm? may be due to its larger optical penetration
depth at these higher radiant exposures.

Our previous study of mass removal of articular and
fibro-cartilage produced by FEL ablation at 2.79, 2.9, 6.1,
and 6.45 um found that the 2 = 6.1 um provided the greatest
ablation efficiency [32]. Figure 11 (articular cartilage) and
Figure 12 (fibro-cartilage) show a comparison of the
measured tissue mass removal conducted using a micro-
balance during laser ablation from our previous studies
with an estimated mass removal based upon the area of the
crater geometry. By assuming the craters produced by laser
ablation to be inverted cone shapes, the mass removed from
the ablation can be estimated by multiplying the calculated
crater volume by the tissue density (1.1 g/em®) obtained
from the literature [41,42]. The calculated mass removal
consistently underestimates the measured mass removal,

however, the mass removal estimated from crater dimen-
sions exhibits the same trends as the measured mass
removal in both articular and fibro-cartilage with the
exception of the data generated by 4= 6.45 pm in articular
cartilage. Histology is an important tool for the evaluation
of collateral thermal injury in the tissue, as well as
describing crater shape and depth, but the observed crater
shape and depth are highly dependent upon many factors,
including the region of sectioning, orientation of the
sectioning to the crater geometry, and tissue deformation
involved in geometrical fixation and mounting of sections.
Because of the inherent alteration of tissue by processing,
the measurement of tissue mass removed during laser
ablation using a microbalance is a more accurate and
reliable measurement of ablation efficiency.

CONCLUSION

The results were found to be dependent upon wavelength
with 1=6.1 um being the most efficient wavelength for
ablative removal of cartilage. Furthermore, ablation of
articular cartilage using /=6.1 um created the least
amount of collateral thermal injury at the radiant exposure
of 7.6 J/em? but approached that of A = 6.45 um at 20.4 J/cm?.
The greatest amount of thermal injury was observed for both
cartilage tissue types at 1 = 2.79 um. Direct measurement of
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Fig. 12. Mass removal versus incident radiant exposure of fibro-cartilage for measured mass
by a microbalance (solid line) and estimated mass by crater geometry (dotted line) with four
different wavelengths; (A) 2.79 um, (B) 2.9 um, (C) 6.1 pm, and (D) 6.45 um. The error bars are

standard deviations of the data.
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