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Abstract
The objective of this studywas to describe the dynamics of water heating carried out by continuous laser radiation with wavelengths
1.47, 1.55, and 1.94 μm with different types of fibers used for endovenous laser coagulation. The study was conducted in water
using high-speed surveying of the heating process through the shadow optical method. It has been shown that in the case of highly
water-absorbed laser radiations, convection and boiling play amajor role in the process of heat transfer. It has been shown that in the
case of radiation with λ = 1.94 μm that is heavily absorbed by water, effective heat transfer begins at significantly lower levels of
power compared to the weaker-absorbed radiations with λ = 1.47 and 1.55 μm. Mathematical models based only on thermal
conductivity inadequately describe the process of real heat transfer during endovenous laser coagulation. It has been established that
heat transfer is sharply asymmetrical and is directed mainly up-and-forward (bare-tip fiber) or upward (“radial” and “two-ring”
fibers). Heat transfer for laser light with wavelength 1.94 μm is most effective than for 1.47 and 1.55 μm.

Keywords Bare-tip . “Radial” and “two-ring” fibers . “Water-absorbing” range .Convection .Explosiveboiling .EVLT .EVLA

Introduction

Over the past two decades, endovenous laser treatment
(EVLT) has been widely used for the treatment of varicose
veins. It is also called endovenous laser photocoagulation
(EVLP) or endovenous laser ablation (EVLA). Moreover,
the authors consider the most commonly used term EVLA
not quite appropriate, because laser ablation implies mainly
the thermal removal of a substance under the influence of laser
radiation. The advantages of the EVLT method are high

efficiency, low invasiveness, pain, and possibility of postop-
erative complications. Thismethod is implemented using laser
radiation with different wavelengths from 0.45 to 1.94 μm
[1–5].

EVLT originally used optical fibers with radiation output
through the fiber end (bare-tip fiber) that still remain in
phlebologists’ arsenal. The advantages of such fibers are their
low cost and multiple use after sterilization. Since the main
mechanism that triggers EVLT fibrous transformation is the
thermal damage to the endothelium of the vein walls [6], more
complex fibers have been introduced inwhich radiation is emit-
ted as one or two rings roughly perpendicular to the fiber axis
over 360°. These fibers are called “radial” and “two-ring.”

A schematic image of the radiation output from different
types of fibers used for EVLT is presented in Fig. 1a. The
questions of the optimal wavelength, radiation power, and type
of fibers for treatment are being currently discussed [7–15].

EVLT optimization requires an understanding of the pro-
cesses that occur during laser exposure. The issues of mathe-
matical and physical modeling remain relevant at the moment
[9–14, 16]. Heat transfer is also an important aspect.
Currently, the most popular opinion is that the main role in
heat transfer is played by boiling water at the place, where
radiation is emitted from the fiber, causing heat damage to
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the vein wall [6, 17]. This thesis is usually confirmed by sono-
grams from ultrasound devices, but they are not informative
enough and allow different interpretations [16].

One should note that when the absorption of laser radiation
in water prevails over absorption in hemoglobin (so-called
“water-absorbing” range), the laser-induced hydrodynamic
and thermal processes in the blood can be adequately modeled
through processes in water. In this case, highly informative
optical methods can be used to register such processes.

This paper is a continuation of the experimental studies pre-
sented in [18] and complements them by results obtained for
1.47 μm wavelength radiation and “two-ring” fibers which are
also widely used or endovenous laser coagulation. As a result,
the paper gives a complete picture of thermal processes realized
when using the most popular for EVLK radiation wavelengths in
the water-absorbing range of 1.55, 1.47, and 1.94microns and all
types of light guides used in clinical practice of EVLK: bare-tip,
“radial,” and “two-ring.” This creates the foundation for a mean-
ingful choice of fiber types and laser parameters.

Materials and methods

The effective depth at which laser radiation is absorbed in the
blood during EVLT is determined by the effective attenuation
coefficient μeff, which takes into account both absorption and

scattering of radiation in the blood. In the case of water with
no scattering effect, this depth is determined only by the ab-
sorption coefficient μa.

Figure 1 b presents the dependence of absorption coeffi-
cients for water and blood μa, as well as the effective attenu-
ation coefficient μeff for the blood [19]. The characteristic
thickness of the layers of water and blood, in which a signif-
icant (~ 63%) amount of laser radiation is absorbed, can be
estimated accordingly by h = 1/μa and h = 1/μeff. It should be
noted that this assessment is true in the absence of the “Moses
effect” [20], when super-intense boiling near the radiation
output from the fiber causes the formation of a vapor gas
bubble, the content of which almost does not absorb laser
radiation. Table 1 contains the evaluation of the effective
thickness of the layers of water and blood, in which most of
the absorbed laser radiation energy transforms into heat.

Laser radiation with wavelengths from the water-absorbing
range λ = 1.47, 1.55, and 1.94 μm allows for the experimental

Table 1 Effective thickness of the layers of water and blood, where
laser radiation energy is absorbed

Effective thickness λ = 1.55 μm λ = 1.47 μm λ = 1.94 μm

h, mm for water 1.0 ± 0.2 0.35 ± 0.07 0.08 ± 0.02

h, mm for blood 0.30 ± 0.06 0.14 ± 0.03 0.036 ± 0.007

Fig. 1 (a) A schematic image of the laser radiation output from different
types of fibers: 1, bare-tip; 2, “radial”; and 3, “two-ring.” D, the diameter
of the protective flask of the “radial” fibers. d, the width of the radiation-
emitting ring. The numbers of radiation rings are marked #1 and #2. The
arrows indicate the direction of laser radiation. (b) Spectral dependencies
of the absorption coefficient μa and effective attenuation coefficient μeff

in the emulsion of red blood cells (blood model with hematocrit Hct =
33.2), as well as the absorption coefficient μa in water. (c) Installation
scheme: 1, cuvette; 2, fiber; and 3, introducer. For surveying along the
axis of the fiber, a high-speed camera was installed according to scheme 4
and, for side-on surveying, according to scheme 5 with an additional
mirror. (d) Picture of the cuvette with a fiber
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simulation of laser-induced hydrodynamic processes in water.
These processes occur in the blood before the coagulation of
its organic component. This allows the use of high-speed reg-
istration of heating processes by the shadow optical method.
In this method, photoregistration of light, passed through the
transparent medium and detecting non-uniformity of the re-
fractive index, caused in our case by its non-uniform heating,
is carried out.

Laser devices LSP “IRE-Polyus” (λ = 1.55 μm, maximum
radiation power Pmax = 15W and λ = 1.94 μm, Pmax = 10W)
were used as radiation sources. The “Ceralas” device from the
Biolitec company (λ = 1.47 μm, Pmax = 15 W) was used in
several experiments. Fibers designed for EVLT with end, “ra-
dial,” and “two-ring” radiation output (Biolitec, Germany)
were used. The core diameter of the fibers with end radiation
output (bare-tip) was 0.6 mm. The diameter of the protective
flask of the “radial” fibers was 1.85 mm. A 6F introducer
(Balton, Poland) was used for putting the fibers into the
water-filled cuvette (Fig. 1c, d) with dimensions 20 × 30 ×
120 mm3. All experiments were made at room temperature
22–24 °C.

Images were obtained using a camera installed in two
variants (Fig. 1c): for a full-face image, along the axis
of the fibers, and for a side-on image, perpendicularly
to the axis of the fibers with an additional mirror.
Surveying was carried out using background illumina-
tion and a Fastcam SA3 high-speed camera (Photron,
USA) at 4000 fps, frame duration 20 μs.

Experimental results

Radiation output through the fiber end

Figure 2 shows the high-speed frames of shady images of heat
transfer in water when heated by radiation λ = 1.55 μm at P =
12 W. Time intervals between the frames in the picture vary
depending on the process speed.

One can see in the picture that after about 50 ms after
radiation switch on, a contrast structure is formed near the
end of the fiber at the contact surface between the water heated
by laser radiation and the cold water along the extension of the
sidewall of the fiber. Its formation is caused by the appearance
of a gradient of the refraction index determined by uneven
changes in water temperature. This structure gradually ex-
pands upward-forward, which indicates the beginning of con-
vective heat transfer from water heated by the absorbed laser
radiation. After that, a stationary laminar transfer of heat in the
upward-forward direction is formed. The speed of the heat
wave front in the vertical direction is about 20 mm/s. There
is no downward heat transfer.

However, along with convective heat transmission, a stable
0.1–0.2-mm-thick area with rising temperature is formed near

the bottom of the fiber end. After about 0.8 s from the radia-
tion is switched on, explosive boiling occurs near the end,
resulting in the formation and subsequent collapsing of a bub-
ble with a maximum diameter of near 5 mm (macrobubble)
consisting of steam and gas that was previously dissolved in
water. The formation and collapsing of the macrobubble take
about 1 ms. Collapsing occurs with the formation of many
vapor gas microbubbles giving heat to water during vapor
condensation. Collapsing causes the formation of turbulent
streams spreading heat in all directions.

There is no explosive boiling at lower levels of laser radi-
ation power, in particular, at P = 5 W, and a stationary con-
vective heat transfer process is established.

After the macrobubble collapses (frame 825 + 31.5 ms), a
relatively stationary (long-lived) vapor gas bubble with sharp
boundaries is formed at the fiber end. Its diameter grows to a
magnitude slightly larger than the diameter of the fiber (0.6
mm). Because of the “Moses effect” [20], the radiation freely
passes through the bubble and is absorbed into the water layer
on its distal border. Heating results in a convective flow
spreading upward-forward, as evidenced by the appearance
of thermal front pictures on the frame corresponding to 950
and 975 ms.

It should be noted that the transition from convective
heat transfer to bubble boiling can occur without explo-
sive boiling [18].

Thus, the presented results show that, except for the case
associated with the collapse of the vapor gas macrobubble
resulting from quick (about 1 ms) explosive boiling, there is
no significant downward heat transfer. It means that heat
transfer occurs up and forward most of the time.

When using radiation λ = 1.94 μm, the hydrodynamic pro-
cesses that determine heat transmission are manifested at sig-
nificantly lower power levels compared to radiation λ =
1.55 μm due to the stronger absorption of radiation in water
(Fig. 1b, Table 1).

Figure 3 presents high-speed frames of the shadow pattern
of heat transfer in water when heated by radiation λ = 1.94μm
with P = 1 W.

In the first two frames, the appearance of the area with a
refraction index gradient indicates that the heat is released at
the output end of the fiber in a thin 0.2-mm layer. The speed of
convective flows is low due to proximity to the fiber end.
They do not have enough time for development, and therefore,
the thermal fronts are not visible. At the same time, explosive
boiling with the formation of a vapor gas macrobubble with a
diameter of about 2 mm occurs at a power of 1 W after 38 ms
after the radiation on at the fiber end. Its expansion speed is
about 4 m/s. Then the macrobubble collapses after about
0.25 ms with the emission of a “cloud” of microbubbles in
the forward direction and streams of heated water in all direc-
tions. Then, a pulsating vapor gas bubble with sharp borders
starts to grow at the output end of the fiber (frame 44 ms). The
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size of this bubble reaches the diameter of the fiber. As can be
seen from frame 600 ms, a convective heat flow directed up-
ward comes from the bubble top. The shadow patterns do not
detect heat flows directed downward.

At power P = 3 W, one can observe the formation
and collapsing of four steam-gas macrobubbles with a
diameter of 1.5–2 mm (at 7.5, 65, 210, and 280 ms)
within 0.3 s.

Thus, a pulsating bubble with sharp borders and a diameter
close to the fiber diameter exists most of the time near the fiber
end. With this geometry, part of the laser radiation heats wall
of the bubble near the fiber, while the other part passes
through the bubble and heats its distal wall. Before the forma-
tion of the next macrobubble, the pulsating bubble breaks off,
and the over-heated layer of water remains near the fiber end.
When the macrobubble collapses, part of it breaks off and

Fig. 2 Dynamics of heat transfer in water when heated by laser radiation λ = 1.55 μm, P = 12W. Numbers in the frames indicate time elapsed from the
radiation switching on. The arrows mark thermal fronts and the main direction of their movement

Fig. 3 Heat transfer dynamics in water when heated by laser radiationλ = 1.94μmwith P = 1W. The arrowmarks “microbubble cloud” (38.5ms frame)
and convective flow (600 ms frame). Numbers in the frames indicate time elapsed from switching on of the radiation
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moves forward, transforming into a cloud of microbubbles,
and further into turbulent flows of heated water. Boiling in
the form of formation and collapsing of bubbles with a diam-
eter of less than 0.3 mm is observed during approximately
3 ms after collapsing of the macrobubble. A long-lived pul-
sating bubble with a diameter of about 1 mm is re-formed after
another 10 ms. Heat flows up from this bubble exists until the
next explosive boiling act with the formation and collapsing of
the macrobubble.

Fiber with radial radiation output

Since the main mechanism that triggers EVLT-induced fi-
brous transformation is the thermal damage to the vein wall,
“radial” fibers (Fig. 1a) have been proposed for the procedure.
In this case, radiation is emitted as a ring approximately per-
pendicular to the fiber axis. It was initially assumed that this
made it possible to evenly affect the vein wall throughout the
circumference. Experimental heating of water with laser radi-
ation using such fibers was carried out in order to confirm this
assumption.

Figure 4 a presented a high-speed frame sequence of the
shadow pattern of heat transfer in water when heated by radi-
ation emitted through a “radial” fiber with λ = 1.55 μm and P
= 15 W. Surveying was carried out perpendicular to the fiber
axis (Fig. 1c, scheme 2). One can see in Fig. 4a that in the case
of a “radial” fiber with power up to P = 15W, the heat transfer
in water occurs due to convection and is directed upward. A
stable area of heated water is formed at the bottom of the fiber,
the heat from which does not spread downward, but
convectively flows upward, same as in the case of end radia-
tion output. The stationary pattern of thermal transfer through
convection is established after about 0.3 s.

In the case of “radial” fibers emitting radiation with wave-
length λ = 1.94 μm, the processes of effective heat transfer
begin at lesser power levels compared to radiation with λ =
1.55 μm and are not limited to convective thermal transfer.
Figure 4 b shows “side-on” (Fig. 1c, scheme 2) high-speed
frames characterizing the dynamics of heat transfer in water
when heated by radiation λ = 1.94 μmwith P = 5W. The first
three frames correspond to heat transfer due to convection in
the upward direction with the speed of heat wave front be-
tween 7 and 14 mm/s. At that, a clear front of the heat wave
coming upward is observed, unlike in the case of heating by
radiation λ = 1.55 μm. A vapor gas bubble grows at the fiber
bottom, in which explosive boiling with the formation and
collapsing of a vapor gas macrobubble starts at the moment
corresponding to the fourth frame (501 ms) and lasts for about
3 ms.

The resulting microbubble cloud is transformed into
turbulent streams spreading in all directions and
destroying laminar convection.

After explosive boiling, small-bubble boiling starts on the
surface: pulsating bubbles with a diameter of near 0.2 mm and
sharp borders are formed along the perimeter of the fiber at the
radiation output area. Heat flows directed upward (mostly)
and to the sides are formed near these bubbles. The process
of small-bubble boiling is clearly visible in Fig. 5. It shows a
sequence of “full-face” shadow patterns (toward the fiber) at
2-ms intervals.

Part of the bubbles breaks off from the fiber and pops up;
another part of the bubbles undergoes explosive boiling after
they reach a diameter of 0.5 mm, leading to their destruction
and a release of heated “protuberances.” Thus, small-bubble
boiling prevails in stationary mode, forming heat flows direct-
ed mainly upward. There are periodic short-term acts of “ex-
plosive” boiling against this background, in which some of the
thermal flows are also directed to the sides and downward.

Fiber with “two-ring” radiation output

The processes of heat transfer using “two-ring” fibers have
been studied for radiation with wavelengths λ = 1.47 μm (ab-
sorption in water three times stronger than for 1.55 μm) and λ
= 1.94 μm. Figure 6 a demonstrates high-speed frames of
water heating with radiation λ = 1.47 μm with P = 15 W;
the distal end of the fiber is on the left.

One can see in the picture that more radiation energy is
emitted from the ring aperture near the distal end (radiation
ring #1) than from the radiation ring #2. The pictures show
that the heat transfer is carried out through convection directed
mainly upward. A stable heated area is formed at the bottom;
there is no noticeable heat transfer downward. The speed of
upward heat wave fronts is approximately 17 mm/s for the
first ring and about 12 mm/s for the second ring.

Figure 6 b presents high-speed frames of the heat transfer in
water when heated by radiation λ = 1.94 μm with P = 5 W
through a “two-ring” fiber. The heat transfer pattern is similar
to the one that was observed at three times higher radiation
power with λ = 1.47 μm (Fig. 6a). The heat transfer has been
carried out through convection within registration time, and
the “explosive” boiling was not observed. The speed of the
upward fronts for both rings was about 10 mm/s.

As the radiation power increases, the processes of heat
transfer become more complex. Figure 7 presents high-speed
frames of the shadow pattern of heat transfer in water when
heated by radiation λ = 1.94 μm with P = 10 W prior to the
first explosive boiling. After radiation switching on, there is a
convective heat transfer from the second radiation ring, while
a steam-gas bubble forms and begins to grow at the first
radiation ring near the fiber. A clear convective heat
front was not observed in this spot (Fig. 7a). After
about 300 ms, an act of explosive “boiling” occurs on
the first radiation ring. As a result, a vapor gas
macrobubble is formed and then collapses (Fig. 7b).
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This creates a microbubble cloud that spreads mainly up-
ward. Microbubbles give heat to water. Then there is a pause,
during which a convective flow directed upward forms at the
first ring; the vapor gas bubble remains unchanged (Fig. 7b).

Then, approximately 765 ms after radiation switching on,
the second act of explosive boiling occurs at the first ring with
the formation and collapsing of a vapor gas bubble. It destroys

convective flow at the first radiating ring (Fig. 7c). The
microbubble cloud is transformed into turbulent streams
of heated water that spread in all directions. At the
same time, they spread downward to a distance of no
more than 2 mm.

During the entire observation period, the upward laminar
convective heat transfer is carried out from the second ring,

Fig. 4 Dynamics of heat transfer in water when heated by radiation (a) λ = 1.55 μmwith P = 15W and (b) λ = 1.94 μmwith P = 5W. Numbers in the
frames indicate time elapsed from activation of the radiation. The arrows mark convective flows
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through which a smaller part of radiation power is emitted.
The wave front speed is about 14 mm/s.

Discussion

The advantage of using water-absorbed laser light for EVLC
is based on the fact that the heating of the blood occurs mainly
through water. At the same time, when the temperature
reaches 100 °C, the boiling of the water begins, and the

temperature does not substantially rise before evaporation, as
the absorbed radiation energy is consumed to overcome the
latent heat of vaporization. So, the temperature of organic
blood components carbonization ≈ 250 °C is not reached
(6). In this case, water in the blood boils without carbonation,
providing heat transfer to the vein wall of heat necessary for its
thermal damage and starting the process of fibrous substitu-
tion. Carbonation begins when organic particles (particularly
those containing erythrocyte hemoglobin) are heated to a tem-
perature of about 250 °C when they do not have time to give

Fig. 6 Dynamics of heat transfer in water when heated by laser radiation through a “two-ring” fiber (а) λ = 1.47 μmwith P = 15W and (b) λ = 1.94 μm
with P = 5 W. The arrows mark convective flows. The numbers of radiation rings are marked #1 and #2.

Fig. 5 Dynamics of heat transfer in water when heated by laser radiation λ = 1.94 μmwith P = 5W through a “radial” fiber. The stage of “small-bubble”
boiling, full-face picture
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heat to the water surrounding them, particularly by forming a
vapor gas layer around them. At the same time, local heating
of the end of the light guide to high temperature increases
sharply, which, when it touch wall, can lead to its perforation
and related complications.

Experiments have shown that the dynamics of water
heating by continuous laser impact is defined both by the type
of fibers (bare-tip, “radial,” or “two-ring”) and by the radiation

wavelengths. The former is obviously connected with differ-
ent geometry of the radiation output from the fiber, which also
determines the density of radiation power, the latter—with the
difference in absorption coefficients for laser radiation with
different wavelengths in water.

The analysis of shadow patterns shows that in the case of a
bare-tip fiber and λ = 1.55μm (Fig. 2), heat transfer is initially
determined solely by convection. The authors believe that

Fig. 7 Dynamics of heat transfer in water when heated by radiation λ =
1.94 μm with P = 10 W through a “two-ring” fiber prior to the explosive
boiling. The numbers of radiation rings are marked #1 and #2. The arrow

marks convective flow. (а) Laser start-up stage. (b) The first act of ex-
plosive boiling. (с) The second act of explosive boiling
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clear asymmetry in Fig. 2 (temperature gradient is formed near
the fiber bottom) is associated with the occurrence of natural
convection only at the top of the heated area. The heated and
therefore less dense environment is adjacent to a denser one in
the bottom part. Therefore, there is no convective mixing.

Experiments have shown that change to radiation with λ =
1.94 μm (Fig. 3) dramatically changes the pattern of heat
transfer: bright pictures of convective heat transfer for λ =
1.55 μm are absent, and explosive boiling occurs at signifi-
cantly lower power. Both these changes can be explained by a
significantly stronger absorption of laser radiation with λ =
1.94 μm in water. Strong absorption causes heating of a very
thin (h~0.1mm) layer near the fiber end. In this case, the speed
of the convective current will be low due to the proximity of a
hard surface, and the overheating that leads to explosive boil-
ing will occur faster and at lower radiation power.

As expected, the replacement of the bare-tip fiber with the
“radial” one or with the “two-ring” one significantly changes
the heat transfer picture. According to the shadow patterns, the
width of rings d (Fig. 1a), through which radiation is emitted
from fibers with a protective cap diameterD = 1.85mm can be
from 0.23 to 0.32 mm. Appropriate ring aperture areas (S = π·
D·d), through which radiation is emitted, can be estimated
from 1.3 to 1.9 mm2, which by 4.6–6.8 times exceeds the
output aperture area of the bare-tip fibers with a diameter of
0.6 mm that equals to 0.28 mm2.

In the case of the radial fiber, a ring-shaped heated area is
formed around the fiber near the radiation output and laminar
convection is directed upward (Fig. 4a, b). Thus, gravity pre-
vents a symmetrical transmission of heat relative to the axis.

In the case of “radial” and “two-ring” fiber, the power
density at the same laser power is lower due to the significant-
ly larger surface area at the radiation output into water. For the
development of the same hydrodynamic processes, their pow-
er thresholds increase accordingly. For example, there was no
explosive boiling for the radial fiber at λ = 1.55 μm in the
entire range of the studied power (up to 15 W). For λ = 1.94
μm, they occurred at higher radiation power (Fig. 4b).

The experiments were carried out at room temperature,
which is 13 °C lower than body temperature. However, this
cannot make noticeable changes in the qualitative picture of
the observed processes, since the rates of convective flows are
determined by relative heating. As for the observed explosive
boiling processes, the increase in the initial temperature will
only lead to a slight decrease (according to our estimates, ∽
5%) the heating time required.

To obtain uniform symmetric thermal damage to the vein
wall caused by EVLT, it is necessary to use compression of
the vein under the influence of tumescent anesthesia until its
wall is on the surface of the “radial” or “two-ring” fiber. A
more uniform heating of the vein walls can also be ensured by
placing it vertically so that the gravity vector is directed along
the vein axis.

The authors consider that the results obtained in water qual-
itatively simulate the processes that occur with the use of bare-
tip and “radial” fibers in the clinical application of EVLT for
the treatment of varicose veins before the coagulation of or-
ganic blood components.

Conclusion

Experimental investigation of heat transfer and hydrodynamic
processes during laser heating of water, which to some extent
model similar processes occurring during EVLT prior to the
coagulation of the organic blood components, have been car-
ried out. The study was conducted in water with various types
of optical fibers (bare-tip, “radial,” “two-ring”) using high-
speed surveying of the heating process through the shadow
optical method.

It has been shown that in the case of highly water-absorbed
laser radiations, convection and boiling play a major role in
the process of heat transfer. At the same time, boiling can be
small-bubbled (most of the time) or short-term explosive ac-
companied by the formation of two-phase clouds formed by
microbubbles and hot water. This fact shows the inadequacy
of mathematical models that consider thermal transfer due to
thermal conductivity.

It has been shown that in the case of radiation with λ =
1.94 μm that is heavily absorbed by water, effective heat
transfer begins at significantly lower levels of power com-
pared to the weaker-absorbed radiations with λ = 1.47 and
1.55 μm. This creates the background for a possible decrease
in radiation power that ensures the required EVLT efficiency.
In the case of “radial” and “two-ring” fibers, the probability of
damaging near the attached cap protecting the distal end of the
fiber is much lower.

It has been established that heat transfer is sharply asym-
metrical and is directed mainly up-and-forward (bare-tip fiber)
or upward (“radial” and “two-ring” fibers). The symmetric
heat transfer observed during explosive boiling cannot make
a significant contribution because of the short duration of this
effect.

Thus, the uniformity of EVLT-induced thermal damage to
the vein wall can be achieved only when the vein is com-
pressed under the influence of tumescent anesthesia, until its
wall is exposed to the surface of the “radial” or “two-ring”
fiber.
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