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In this paper, we consider a method of laser resection using the silica glass core from which the
cladding layer has been removed as the cutting part of a laser scalpel. An absorbing layer coating
the silica ¯ber tip markedly alters its biotissue cutting characteristics. The results of histological
studies of skin after exposure to a laser scalpel with and without a strongly absorbing coating
(SAC) at a wavelength of 0.97�m show that resection using a coated scalpel is more sparing.
When an uncoated scalpel was used, skin injury was more apparent in both its surface spread and
the depth of structural damage, resulting in poorer tissue regeneration.

Keywords: Laser surgery; silica ¯bers; strongly absorbing coating; histology.

1. Introduction

We present an experimental study aimed at develop-
ing a method of laser surgery that may be termed
`indirect' because the radiation is not immediately
incident on the biotissue but on a converting element
in contact with the biotissue. The tip of the laser's
silica ¯ber glass core fromwhich the cladding layer has
been removed is used as the cutting part of the laser
scalpel. This optical ¯ber is mechanically °exible, but
its silica core is very strong and the tip is resistant to
thehigh temperatures arising due to the carbonization
of the biotissue exposed to the laser scalpel. In the
tissues adjacent to the dissection, a coagulation area is
formed which ensures a bloodless incision.

The optimal area of thermal damage caused
within di®erent types of tissue when using various
resection speeds have been issues of primary im-
portance in ¯ber laser surgery over the last de-
cade.1–4 To optimize the conditions of exposure,
various special ¯ber tips have been used. Some of
them increase the power density due to radiation
focusing,5 others, e.g., sapphire tips,6 have better
thermal di®usivity. There have also been reports7

on a device for intratissue irradiation, in which tips
with mirrored metal elements at the distal end de-
°ect the light beam at the ¯ber output into a cy-
lindrical pattern in order to protect healthy tissues.
Also interesting are tips generating high-frequency
acoustic radiation that disinfects the biotissue.8

In the present paper, we describe the use of
strongly absorbing coatings (SACs), which can be
easily formed in the region of contact with biotissue,
and which change the temperature conditions
caused by exposure to the laser scalpel. A new
method of increasing biotissue absorption, using a
laser ¯ber scalpel, has recently been developed and
put into practice.9 The method is basically as fol-
lows: A destruction process with the formation of
absorbing agents (carbon) is initiated during bio-
tissue surgery but one that is later self-sustaining

due to the absorption of light by the agents which
have already formed. The drawback of this method
is the instability of the self-sustaining process of de-
struction and ablation, and the need to ¯nd ways au-
tomatically to maintain the temperature in the
treated area. The goal of our work was to create stable
conditionsof exposure to laser radiation at the¯ber tip
by coating the output end of the ¯ber used as the
cutting surface so that it would retain its absorbing
and mechanical properties for a long time, and also to
carry out a comparative study of the features of laser
resection with and without such a coating.

We investigated the method of laser resection
with a silica ¯ber glass core cleared of its cladding
layer for use as the scalpel. The biotissue is heated by
the laser radiation andmoved apart by the silica core
of the optical ¯ber.10 The silica core is su±ciently
transparent in the near IR region and is mechanically
strong enough to stand the high temperatures arising
at the tip of the optical ¯ber tip during biotissue
resection. The strongly absorbing layer at the tip of
the ¯ber (according to the work of Amzayyb11 the
absorption of the layer can achieve 50%) results in
heating of the silica core to temperatures higher than
carbonization temperature and facilitates carbon
formation during biotissue dissociation resulting
from the joint action of radiation and the high tem-
peratures near the heated silica ¯ber.12 At the same
time, the carbon layer which forms is also a strong
radiation absorber across a wide range of wave-
lengths and this results in an interesting unstable
mode of laser cutting. Preliminary experiments to
study this e®ect on ex-vivo samples have demon-
strated that the absorbing layer permits an increase
in the e®ective resection speed of the laser scalpel by
0.97�m.13 However, no comparative study has yet
been undertaken of the scar characteristics during
tissue regeneration after conventional laser resection
and after resection using the absorbing coating, so
the mechanism of the e®ect is not clear at this stage.
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2. Materials and Methods

We used two laser scalpels: an analogue of the
Altar-ST DentalPhotonics (USA)14 operating in of
cw generation mode, and a Nd:YAG pulse-periodic
laser using a wavelength of 1.06�m and operating
in spiking mode. The radiation was delivered to the
tissue using replaceable silica ¯bers 320�m in di-
ameter. We studied a carbon coating and an SAC
based on silicone varnish.13 Two modes of contact
tissue-cutting were investigated: one with a clear tip
to the operating ¯ber and the other with the SAC
tip. The contact exposure of animal integument to
laser radiation with the ¯ber laser tips was per-
formed by an experienced laser surgeon. The object
under study was the skin of nonlinear white male
rats in vivo.

The process of scar formation at the resection
site was investigated only for the Altar-ST laser
scalpel. Radiation with a power of 7W was taken as
being optimal as a result of data from Ref. 13 for
the uncoated ¯ber. The same power was used for
comparative analysis with the SAC ¯ber. The study
was performed on 10 nonlinear white rats. Prior to
resection, the animals were anaesthetized with
50mg/kg of Zoletilr and then depilated in the
lumbar region. The skin was dissected parallel to
the spinal column using the clear ¯ber tip on one
side, and the SAC tip on the other side. Morpho-
logical changes in the tissues surrounding the inci-
sion were assessed immediately after dissection and
following 1, 5, 12 and 28 days.15 Five-micrometer
sections were stained with hematoxylin and eosin.
Two incisions were made at each time point for the
scars resulting from both the clear ¯ber tip and
from the SAC tip.

All in vivo experiments were carried out in ac-
cordance with the guidelines approved by the Eth-
ical Committee of the Nizhny Novgorod State
Medical Academy.

3. Results

3.1. Exposure of skin to Nd:YAG laser
radiation

Study of the exposure of the skin of experimental
animals to Nd:YAG laser radiation in pulse-periodic
mode (wavelength 1.06�m, average radiation
power 7W, pulse duration 200�s, and pulse repe-
tition rate 25Hz) showed that no incision was
made as a result of contact exposure for 15–30 s

with the clear ¯ber tip. Exposure to an SAC tip
provided e®ective skin cutting with complete vessel
coagulation. Histological investigation revealed
(Fig. 2(a)) a tissue carbonization area 8–12�m
thick, and (Fig. 2(b)) a coagulation area 500–
600�m deep.

3.2. Exposure of skin to Altar-ST laser

radiation

Complete vessel coagulation occurred at skin cut-
ting, but the resection speed with the clear ¯ber was
30% lower and the incision depth was nonuniform
(see Fig. 1).

SAC initiated tip. Histological investigation
showed an 800–940�m deep incision with a layer of
carbonized tissue 5–9�m thick which was clearly
visible one hour after dissection (Fig. 3). A heat-
induced coagulation area containing unviable cells
was formed around the dissection. The size of this
area was about 1400–1600�m. Twenty-four hours
later, an area of secondary alterations with both
viable and unviable tissue elements, had formed
around the area of the coagulation changes. As a
result, the width of the damaged tissue had in-
creased to 2300–2800�m. Leucocytic in¯ltration
and edema were observed at the border between the
damaged and normal skin. Five days after the ex-
posure, a scab had formed and epitalization had
been initiated. A section of rare¯ed connective tis-
sue with randomly located, slightly swollen collagen

Fig. 1. Photo of the incision (a) without coating, (b) with
SAC.
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¯bers was observed under the newly formed epi-
dermis. On the 12th day of the study, complete
epitalization and the formation of a scar 1600�m
wide and 230–330�m deep could be observed. Hair
follicles of normal structure and a small number of
vessels could be visualized in the scar tissue and
around it 28 days after dissection, while the scar
width had reduced to 650�m.

Clear tip. In the samples taken one hour after
dissection, the incision depth varied from 2400�m
to 3000�m, reaching the muscle ¯ber layer and
even into it. The carbonization area was 16–38�m,
i.e., it was wider than the incision made by the SAP
initiated tip. The coagulation area was 2100–
2400�m across and 2400�m deep. Twenty-four
hours after dissection the coagulation area had
broadened and an area of secondary changes had
appeared, having a total width of up to 3000�m.
The surrounding derma featured edema and leu-
cocytic in¯ltration. On the ¯fth day a scab had
appeared with a section of dermal destruction to a
depth of 2400�m. Twelve days after dissection,
signs of wound epitalization had appeared along the
edges, the defect width being 1300–1650�m. The
depth of visible damage had also decreased to about
2000�m. The formation of scar tissue could be
observed in the deep layers. Twenty eight days
after dissection, the scar had completely formed,
had a width of 1400–1700�m and occupied a region

which reached as far as the muscle ¯bers. The scar
tissue contained deformed hair follicles and only
sporadic vessels.

4. Discussion

Our results for the determination of resection
depth are comparable with the data obtained by
other researchers. For instance, Karl Stock and
coauthors reported similar results for diode laser
radiation at a wavelength of 940 nm with the use of
a cut bare ¯ber: 5W/cw: 711� 268mm; 7W/mod.:
580� 294mm.5

An important time aspect of the process under
consideration is the time during which the laser
radiation directly heats any given tissue site. This
time is de¯ned as t ¼ d=v, where d is the ¯ber di-
ameter and v is the cutting speed. In our case,
t � 1 s. The thermal di®usivity length during time t,
lT ¼ ffiffiffiffiffiffiffiffiffiffiffi

�d=v
p

(where � � 1:4� 10�3 cm2/s is the
thermal di®usivity of the medium16), equals 300–
400�m, which is more than the penetration depth
of the incident radiation l� � 1=�scat � 100�m.
Hence, the localization region of the energy released
as a result of the exposure to laser radiation is de-
termined by the thermal di®usivity length. When a
coated ¯ber is used, 20% of the radiation energy is
released immediately on the tissue surface.

Fig. 2. Dynamics of tissue regeneration in the case of an SAC tip (a) immediately after exposure, (b) one day after, (c) ¯ve days
after, (d) 12 days after, (e) 28 days after. Scale bar 500�m.
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Furthermore, a considerable part of the radiation
energy escaping from the medium due to scattering
is also released on the surface (see Fig. 4). Conse-
quently, in this case, as compared to clear ¯ber tips,
the laser energy is used more e±ciently. For any
given laser radiation power density, this allows a
decrease in the time, t, needed to heat the medium
surface to the required temperature. Such an in-
creased rate of temperature rise increases the cut-
ting speed, thereby resulting in a reduction of the
thermal conductivity length and, hence, in a de-
creased area of coagulation. This was con¯rmed by
the experimental data.

To get a better insight into the impact of ab-
sorption, consider the problem of light propagation
in a strongly scattering medium. Let us take as an
example a 500�m thick layer with a characteristic
scattering coe±cient of 120 cm�1 and an average
scattering cosine of 0.9, which corresponds to the
known average values for human skin.16 As the
exact value of the absorption coe±cient is not
known, we will consider a possible range of 0.14–
8 cm�1 for the values.17–19 Let us consider a case
where the radiation being input through the front
face of the sample in direct contact with a silica ¯ber
(n ¼ 1:49) 320�m in diameter, and suppose that

Fig. 3. Dynamics of tissue regeneration (a) immediately after exposure, (b) one day after, (c) ¯ve days after, (d) 12 days after,
(e) 28 days after. Scale bar 500�m.

(a) (b)

Fig. 4. Intensity distribution of incident (solid line) and scattered (dashed line) ¯eld components. (a) Distribution at the sample
depth along the r ¼ 0 axis. (b) Radial distribution at a depth z ¼ 75�m corresponding to the intensity maximum of the scattered
¯eld component.
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the rear surface borders on a weakly scattering
medium having an index of refraction the same as
the medium under consideration (n ¼ 1:4). The
propagation of the scattering component is de-
scribed in the following di®usion approximation.

The ¯eld intensity distribution along the sample
depth at a point r ¼ 0 is presented in Fig. 4(a), and
the radial distribution at the point z ¼ 75�m is
shown in Fig. 4(b) for the absorption coe±cient
� ¼ 8 cm�1. It is clear from the ¯gure that, despite
signi¯cant scattering, the radiation in the sample is
strongly localized near the border, and a substantial
part of the radiation is backscattered from the
sample without being absorbed by it. Similar results
have also been reported by other authors.20

The dependence of the fraction of the radiation
escaping through di®erent sample surfaces on the
absorption coe±cient is shown in Fig. 5. One can see in
the ¯gure that, with a pronounced change of the ab-
sorption coe±cient, a considerable part of the scat-
tered radiation returns to the region of the silica ¯ber.

Consequently, we can assume that as only part of
the energy is absorbed in a strongly scattering me-
dium, a substantial part of the radiation energy is
not absorbed by the medium; instead, it is back-
scattered from it. Furthermore, a large proportion
of the energy returns to the ¯ber. Thus, a ¯ber
coated with an absorbing layer may provide more
e±cient heating due to the additional absorption of
a considerable fraction of the radiation back-
scattered from the medium. Therefore, additional
heating of the medium occurs due to its contact
with the heated ¯ber.

Note, however, that the process of tissue surgery
is accompanied both by some water evaporation and
by carbonization, resulting in substantial changes in
the properties of the tissues including optical ones.
This makes modeling the process extremely com-
plicated and demands special consideration.

In our case, tissue resection with a clear ¯ber tip
was accompanied by instability caused by signi¯-
cant slowing of the cutting speed when the ab-
sorbing carbonized layer was disrupted during
dissection. Dissection is more uniform when an SAC
tip is used. Because of this instability, the parts of
the resection trajectory are passed with a relatively
low speed providing a signi¯cant increase in the
dimensions of the thermally damaged zone, as fol-
lows both from the above discussion and as dem-
onstrated by the experimental data.

5. Conclusion

Our research demonstrated that the application of
an absorbing coating onto the silica ¯ber tip of a
resection laser signi¯cantly changes the parameters
of biotissue resection using it.

Contact exposure of white rat skin to radiation
from a YAG:Nd laser at a wavelength of 1.06�m
with an average radiation power of 7W produced
no incision when a clear ¯ber tip was used. Exposure
to an SAC ¯ber tip using the same radiation para-
meters provided e®ective skin cutting.

Morphological monitoring after exposure to laser
radiation with a wavelength of 0.98�m revealed
that when resection was performed using the SAC
¯ber tip, the region of tissue damage was smaller
than in the case of a clear tip. This, in turn, enabled
tissue regeneration without the formation of a
hard scar.
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