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Background The treatment of large vessels such as leg veins is successfully per-
formed in clinical practice using pulsed Nd:YAG lasers. However, it is still
unclear how laser parameters such as wavelength, fluence and pulse duration
influence vessel destruction in leg veins.

Objectives To elucidate the governing parameters in selective photothermolysis of
large vessels.

Methods A recently developed mathematical model for photothermolysis has been
adapted for the treatment of leg veins. The model was used to analyse the effect-
iveness of the selective photothermolysis process in laser treatment of leg veins
by Nd:YAG at 1064 nm. The efficiency of laser-induced vessel heating was
defined as a ratio between the absorbed and delivered energy.

Results The efficiency improved with increasing vessel diameter, in agreement with
clinical findings in various studies. The pulse duration made a minor contribu-
tion for laser fluences of 100400 J cm ™2, whereas the efficiency was better for
a small spot. The use of moderate fluences of 100200 ] cm™* reduced excess
dermis heating and pain.

Conclusions We provide reference parameters for optimal treatment of leg veins
using Nd:YAG lasers at 1064 nm. Our model predicts a maximal efficiency of a

range of fluences (100~200 J cm™?) and pulse durations (10100 ms).

The use of lasers has significantly improved the treatment of
vascular cutaneous disorders in the last 20 years. In practice,
laser light is applied to the skin and is selectively absorbed by
the haemoglobin within the blood vessels. The absorbed
energy is converted to heat, leading to a temperature increase
inside the vessel. Blood coagulation within the vessel will occur
at temperatures higher than 70 °C." The thermal damage can
be restricted to the vessel, and the adjacent dermis is spéred by
using an appropriate pulse duration.” It has been more than
20 years since Anderson and Parrish® published the well-
known therapeutic approach of selective photothermolysis. The
theory was successfully applied to the treatment of cutaneous
vascular malformations such as port wine stains (PWS),“ and
telangiectasia on the head, neck and limbs.**¢ For abnormal
PWS with blood vessels ranging in size from 10 to 300 pm, it
was found that pulsed dye lasers with pulse durations of
1-10 ms should enable the maximum coagulation rate and
lead to optimal clinical outcomes.” '

In the case of large vessels up to a few millimetres in diam-
eter, such as those found in abnormal leg veins, the wide
range of lasers employed by clinicians indicates that the prin-
ciple of selective photothermolysis is not paramount, Various

lasers have been used to treat large venous vessels including
pulsed dye lasers at 595 nm,'’ alexandrite lasers ar 755 nm,'?
and Nd:YAG lasers at 1064 nm."* ™ In the infrared range of
the spectrum (700-1100 nm), light penetrates deep into the
dermis and blood vessels. Consequently, superficial abnormal
leg veins, consisting of blood vessels of 0:5-4 mm in diam-
eter, can be coagulated readily.

For Nd:YAG lasers, the optimal parameters for the treatment
of vascular malformations have been suggested via mathemat-

3,7,24 25-27 None the

ical modelling and clinical investigations.
less, two major problems remain unsolved. Firstly, based on a
previous model of selective photothermolysis,” a pulse dur-
ation of 1000 ms is considered suitable for a vessel diameter
of 1'5 mm (typical size of leg veins). However, in clinical
practice pulse durations of < 100 ms are used.'*** Further-
more, it has been reported that large leg veins respond better

to laser treatment than small ones, '*7'®

Secondly, while clin-
ical results are considered satisfactory in most cases, there is
no agreement on an optimal pulse duration, fluence or spot
size for the particular Nd:YAG laser used to treat the lesions,
A review of the literature indicates that a wide range of

parameters is applied clinically. In particular, fluences can
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*, pulse durations may vary from

range from 90 to 400 Jem™
10 to 100 ms and spot sizes from 1 to 10 mm in order to
coagulate leg veins of 0:1—4 mm. Moreover, many researchers
have reported noticeable pain, which extends from mild to
severe. In light of the wide variance in clinical laser applica-
tions, there continues t be ongoing discussion in the field of
laser science as to which laser parameters are optimal to treat
leg veins effectively, while maintaining a low side-effect pro-
file.

This study addresses the problem of standardization of clin-
ical laser practices by applying computer-assisted modelling to
the Nd:YAG laser. Specifically, we have modified our recently
published mathematical model for the selective photothermo-
lysis of small PWS vessels™ and calculated the temperature
within vessels ranging from 0-2 to 2 mm in diameter. Calcula-
tions were performed for a wide range of clinical setings
including different fluences, pulse durations and spot sizes.
Detailed analysis was conducted for each combination of
parameters using three different vessel diameters. The results
of the modelling were compared with outcomes of published
clinical studies. Using this approach we have been able to
delineate the critical parameters in Nd:YAG laser treatment of
leg veins and recommend a range of parameters for good clin-
ical response with minimal side-effects. We also have gener-
ated a reference table and graph that may be useful to
clinicians who treat leg veins with the Nd:YAG laser.

Materials and methods

Laser irradiation of leg veins.was simulated using a recently
developed model.** To determine the temperature in the tis-
sue, the heat and optical diffusion equations were solved sim-
ulianeously using the finite element method. This was
achieved with commercial sofiware (Femlab 3.1; Comsol, Bur-
lington, MA, U.S.A.). Cooling of the epidermis was considered
by setting the temperature of the epidermis to 10 °C. The
effect of blood flow on cooling was included using maximal
blood perfusion. The optical parameters at 1064 nm were
taken from the literature.” ¢

The centre of the vessels was set in the mid-dermis at a
depth of 15 mm at diameters of 200, 500, 1000, 1500 or
2000 pm. The results of computer-assisted modelling are dis-
played in a two-dimensional, vertical cut into the skin like a
virtual biopsy (Fig. la). To analyse the published data, 96
independent calculations were carried out for combinations of
four different energy densities (100, 200, 300 or
400 ] crn"z), four pulse durations (10, 30, 60 or 100 ms),
two spot sizes (2'5 or 6 mm) and three vessel diameters (04,
1:0 or 15 mm).

Vessels are coagulated at elevated temperatures (> 70 °C).
There is a higher probability that a vessel will be properly
coagulated as the temperature increases. Therefore, we estima-
ted the thermal damage in the respective vessel by integrating
the temperature course over time as long as the temperature is
maintained greater than 37 °C. The resulting value is usually
known as thermal dosage, which is equivalent to thermal
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Fig 1. Schematic geometric model of the skin (a) comparable with a
histological slice, which is divided in two layers, the epidermis
(150 pm, coloured orange) and the dermis. The z-axis shows the
depth of the skin (greatest depth 3-5 mm). There are 13 vessels
displayed in the dermis, ranging from 10 to 1000 pm, which is the
diameter of the leg vein used for calculations at a depth of 15 mm
(test vessel). The radius of the spot size is shown (point 0 on the x-
axis: centre of the spot) for a 2:5-mm spot (radius 1-25 mm); for a
6-mm spot the geometry was changed accordingly. The resulting
ternperature (b) at the end of the pulse (duration 60 ms, fluence
100 ] cm™2) is shown as a virtual two-dimensional cut.

damage.”” Thus, we use the term ‘thermal damage’ in our
modelling:

T

Thermal damage = / T(t)dt
0

The integration starts at time t = 0 (start of laser pulse) and
ends with t = 3 5, that includes the time for heating (pulse
duration) and the major part of cooling of the vessel. Addi-
tionally, the laser efficiency of the respective laser parameters
was calculated (Table 2). We define the laser efficiency as the
ratio of the thermal damage in the targeted vessel to the
applied laser energy (7):

Thermal damage of vessel
Laser energy

Laser efficiency =

This value describes the efficiency of converting laser energy
into photothermal coagulation. Low efficiency means that most
of the energy applied will lead to nonspecific heating of the
extravascular tissue. High efficiency means that most of applied

laser energy is converted to vessel coagulation.
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Results

Commonly used parameters for clinical application
of Nd:YAG laser

There have been various treatment approaches to prominent
leg veins and varicosities. Table 1 enumerates the multitude of
publications for laser parameters of leg vein therapy cited in
the relevant literature, Laser parameters such as fluence, pulse
duration and spot size are listed corresponding to each clinical
study. In addition, the degree of pain reported by the patient
and vessel size treated are also included. The large number of
studies and the varied treatment conditions used in the clinical
setting underscore the lack of unanimity and difficulty in stan-
dardization of Nd:YAG laser treatment of leg veins.

Laser efficiency

In order to test the laser efficiency of the Nd:YAG laser in leg
veins, we compared three different vessel diameters with two
different spot sizes using four separate fluences (Table 2).
Laser efficiency was maximal for the lowest fluence
(100J Cm_z). A larger vessel diameter seemed to correlate
with greater laser efficiency. In addition, it is clear from the
Table that a 2-5-mm spot size is more efficient than a 6-mm
spot size. The smaller spot size is also associated with a lower
risk for adverse reactions.

Table 1 The laser parameters for treating leg veins used in different clinical studies reported so far

Table 2 Reference table for the efficiency of the laser treatment of leg
veins at 1064 nm. As the differences between results are small for the
applied pulse durations, the values are meiged and displayed
independent of the pulse duration. The values were normalized to the
maximal value (numbers in bold). Due to a higher risk of adverse
reactions for large spot sizes, a small spot size (e.g. 2-5 mm) should

be preferred

In Figure 1b, the calculated temperature shows a homogen-
eous heating of the entire vessel of | mm in diameter at the
end of the laser pulse duration. The temperature distribution
inside the vessels of all diameters was also homogeneous (dara
not shown).

Vessel diameter and temperature

A critical factor in thermal coagulation is related to the vessel
diameter. Figure 2 shows the time course of temperature in
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Fig 2. The course of temperature of heating and cooling of the
different vessels up to 3 s using a pulse duration of 60 ms and a
fluence of 300 J cm™” (spot size 2-5 mm). Depending on the
diameter, temperatures of up to 100 °C are achieved. The elevated
temperatures last for up to a few seconds.

the centre of vessels of different diameters during the entire
heating and cooling process (300 ] em™?, 60 ms). The max-
imal temperature is achieved within milliseconds. The vessels
remain at elevated temperature for up to a few seconds before
cooling leads to temperature values below 50 °C. Interestingly,
maximal temperature (100 °C) is attainable in a manner that
appears to be independent of the vessel diameters. The tem-
perature inside large vessels remained elevated longer as com-
pared with small vessels. By integrating the temperature
course over time, pulse duration, spot size and fluence, the
integrated values of thermal damage can be shown to increase
continuously with increasing vessel diameter (Fig. 3).

The temperature in the adjacent dermis increased up to 60 °C
(Fig. 4) due to direct heating of the dermis by light absorption
in water. The effect is more pronounced when using a spot size
of 6 mm instead of 2-5 mm. In Figure 5, the temperature distri-
bution is shown for different laser parameters at the 500-ms
time point. This figure shows an extensive flow of heat energy
from the hot vessel to the adjacent dermis.

Thermal damage and fluence

We used laser parameters from previous clinical studies to cal-
culate the thermal damage within blood vessels. For vessel
sizes of 400, 1000 and 1500 pm, a fluence of 100, 200, 300
or 400 J cm™” was applied at pulse durations of 10, 30, 60 or
100 ms and a spot size of 2:5 mm or 6 mm. For either spot
size, the thermal damage increased with increasing fluence but
showed only little correlation with the pulse duration (Fig. 6).

Discussion

In the last two decades, it has generally been agreed that the
laser wavelength, pulse duration and fluence determine the
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Fig 3. The thermal damage (in arbitrary units, a.u.) is calculated by
integrating the temperature course over time (see Fig. 2): pulse
duration 60 ms, spot size 25 mm, fluence 300 ] cm™2. The values
increase with vessel diameter.
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Fig 4. The temperature distribution for the 1-mm vessel at the end of
the laser pulse (60 ms, 100 J cm™). For the 2-5-mm spot size (a) the
dermis between the vessel and the epidermis is at a temperature of
40-45 °C. For the 6-mm spot size (b) thete is a temperature increase
up to 60 °C in a large area in the dermis (black arrows). The heating
of the dermis correlates to the photon distribution, i.e. there is direct
heating of the dermis by light absorption of water. Therefore, large
spot sizes should be avoided.
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Fig 5. The temperature distribution in the virtual skin section at a
time of 440 ms after the end of the laser pulse (total time 500 ms).
The laser parameters were 60 ms pulse time at different fluences and
spot sizes. Most of the elevated temperature in the dermis is now due
to heat flow from the hot vessels. Comparable with the direct heating
(see Fig. 4), there are higher temperatures in the dermis for the
6-mm spot size than for the 2:5-mm spot size at 100 or 300 J cm™2,

respectively.

destruction of a target and hence the selectivity of the laser treat-
ment. However, in the weatment of leg veins with Nd:YAG laser
at 1064 nm the resulis of clinical studies seem to be independ-
ent of the pulse duration, which can range from 5 to 100 ms,
or the fluence (100400 J cm™?). There is also no explanation
for the better clinical response to Nd:YAG lasers in the large

13-15

vessels. To find answers to these questions, a recently pub-
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Fig 6. The thermal damage (in arbitrary units, a.u.) was calculated
for a small spot size of 25 mm (a) using a fluence of 100, 200, 300
or 400 ] em™? at pulse durations of 10, 30, 60 or 100 ms. The
different colours show the different vessel sizes of 400 pm (blue),
1000 pm (yellow) and 1500 pm (red). The same calculations were
performed for a spot size of 6 mm (b).

lished computer-assisted model for selective photothermolysis™*
was adapted to study laser treatment of large vessels. Based on
our own clinical experience with leg veins and Nd:YAG lasers,
the results of the modelling were compared with the outcome
of clinical studies published in recent years.

At the wavelength of Nd:YAG (1064 nm), the absorption
of light in oxyhaemoglobin substantially decreases up to a fac-
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tor of 100 as compared with pulsed dye lasers (595 nm),

10,28,29
Due to a

which are also used to treat vascular lesions.
low absorption coefficient of oxyhaemoglobin at 1064 nm,
no gradient of light energy should appear inside large vessels.
Thus, the homogeneous distribution of photons inside large
vessels should lead to a homogeneous heatng. This is con-
firmed by our present modelling (Fig. 1b), where the calcula-
tions show a nearly homogeneous temperature distribution in
the entire vessel area. This helps to coagulate the entire blood
vessel even for large diameters, as was shown in the clinical
findings and theoretical considerations of Ross and Domanke-
vitz.*® These authors also concluded that longer wavelengths
are more likely to heat the vessel uniformly in comparison
with highly absorbing wavelengths. Our model, therefore,
agrees with other theoretical studies and clinical observations
suggesting that Nd:YAG at 1064 nm is the preferred laser for
treatment of large vessels such as leg veins.

Although the light absorption in haemoglobin is little at
1064 nm, it is sdll abour 10 higher than the lght absorption
in water, which is the major chromophore of the dermis in
the near infrared spectrum. This allows selective photothermo-
lysis, but the selectivity is significantly decreased as compared
with 585 nm. Consequently, one must exercise reasonable
care to choose the correct laser parameters in order to achieve
high efficiency at a low rate of side-effects.

It is known that part of the haemoglobin molecule is chan-
ged to methaemoglobin under Nd:YAG laser irradiation.®’ The
absorption coefficient of methaemoglobin is about three times
higher as compared with oxyhaemoglobin at 1064 nrn,32
whereas the exact concentration of methaemoglobin in the
vessel is unknown. The presence of methaemoglobin would
lead to somewhat higher temperatures for all vessel sizes but
would not change the main conclusions of our model.

When using Nd:YAG laser at 1064 nm, our results show a
temperature increase inside the vessel up to the maximal tem-
perature within milliseconds, a time span that corresponds to
the pulse duration. At the end of the laser pulse, the tempera-
ture begins to drop. However, the time of blood vessel cool-
ing is significantly longer than the heating cycle, except for
the small 200-pum vessel (Fig. 2). The effect of vessel size on
the thermal damage was calculated by integrating the tempera-
ture course T(t) in the vessels over time, including the heating
and cooling time (0-3s). The value increases with vessel
diameter (Fig. 3). These results can be explained as follows.

Once the temperature in the vessel is higher than in the
adjacent tissue, heat energy will flow from the hot vessel into
the skin (dermis) with a certain cooling rate. The cooling rate
depends on two parameters: firstly, the temperature difference
berween the heated vessel and the adjacent tissue; secondly,
the ratio of surface area to volume of the vessel. When using
a fluence higher than 100 J cm™2, the maximal temperature is
80-100 °C within the blood vessels (0-2-2 mm) at the end of
the pulse duration (10-100 ms). At the same time, the tem-
perature in the adjacent dermis is in the range of 45 °C to
about 60 °C independent of the vessel diameter. Our model-
ling showed that the temperature difference between vessel
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and dermis is similar for large and small vessels. Additionally,
the temperature gradient within these small and large vessels
is also similar.

However, the ratio of surface area to vessel volume is up to
a factor of 10 times smaller for large vessels (2 mm) in com-
parison with small ones (0-4 mm). The heat flow from the
hot vessel into the dermis needs much more time to cool a
large vessel than a small vessel. Thus, in a large vessel the ele-
vated temperature will remain above critical temperature
(70 °C) for a longer time than in a small vessel. Consequently,
the effectiveness of leg vein coagulation increases with vessel
size. This correlates very well with our own clinical experience
with the Nd:YAG laser (data not shown) and with the resuits
of clinical studies published by several other groups.'*~'*

The pulse duration is usually adjusted to the size of the
respective vessel. This might be correct for small vessels even
at 1064 nm,* in particular those < 400 pm in diameter, For
large leg veins, this correction becomes nonsignificant.

Due to the low absorption coefficient in blood at 1064 nm
wavelength, high laser fluence must be applied. Hence, there
is always the risk of overheating the vessels and the surround-
ing dermis. This may lead to adverse reaction such as cutane-
ous hyperpigmentation or even atrophic scars. In addition,
pain during laser treatment is sometimes a unwanted side-
effect.

To illustrate the possible effects of excess heat energy and
heat flow, the temperature distribution. in the entire dermis
was calculated at 500 ms, a time clearly longer than all pulse
durations. This allows the presentation of temperature distri-
bution in blood vessels and dermis after laser impact. At a flu-
ence of 100 or 300 J cm™?, the temperatures in the adjacent
dermis exceed 60 °C for a long time (> 0'5 ). Besides the
vessel damage itself, this could be partly responsible for the
pain that has been reported in many studies.

On the one hand, the high temperature in the dermis
results from heat transfer of excess thermal energy from the
targeted large vessel to the dermis. On the other hand, as dis-
cussed in the previous paragraph, there might be direct heat-
ing of the dermis derived from the targeted vessels, in
particular when using a large spot size (e.g. 6 mm) in dlinical
practice. The temperature increase in the dermis can be barely
prevented by surface cooling, which is usually applied to pro-
tect the epidermis.®* A better way to minimize this pain and
possibly other adverse reactions is to reduce the laser energy
1o a value that yields optimal thermal damage of the vessel
but no excess heating of the dermis.

When caleulating the thermal damage of vessels, the values
increase with increasing fluence and are somewhat higher for
the spot size of 6 mm as compared with 2'5 mm. This can be
explained by the fact that with the 6-mm spot size, more laser
photons (in total) are delivered and thus more thermal energy
will be generated. Additionally, the number of photons increa-
ses not only in the vessel but also outside the vessel, in partic-
ular when treating a 1-mm leg vein with a 6-mm spot size.
These excess photons, not used for vessel coagulation, may
lead to adverse reactions in the dermis. At 1064 nm, these
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photons can be absorbed in water, which may lead to a direct
heating of the aqueous dermis. In Figure 4 we show direct
dermis heating. It can be seen that relatively high temperatures
are obtained for a 6-mm, in comparison with a 2'5-mm spot
size. Thus, the spot size of Nd:YAG laser at 1064 nm should
be kept as small as possible. As a guide we recommend that
the spot size should be about 25% larger than the maximum
vessel size of the leg veins that are being treated.

Despite different fluences, the maximal temperatures inside
the vessels are in the range of about 80-100 °C for nearly all
laser parameters and vessel diameters (data not shown). Only
for the parameters of 6-mm spot size and 400 J cm”™? fluence
were temperatures of more than 100 °C (up to 142 °C) calcu-
lated within a 400-pm diameter vessel. In this case, the
unusually high temperature results from excessive energy
delivered to a small volume. It has already been shown that
such a high fluence may cause steam and bubbles.! Thus,
these laser parameters should be avoided, and indeed, they are
rarely used in clinical practice.

Laser efficiency is calculated as the ratio of the thermal
damage to the applied laser energy (J). The laser efficiency is
simply a value which gives an estimate of how many applied
photons are successfully converted to heat inside the targered
vessel. Ideally, all laser photons applied would be used to heat
only the vessels. This can never be achieved, as during photon
propagation in the skin many photons are scattered and
absorbed by other skin constituents. In our modelling, the
laser efficiency was calculated for every set of laser parameters
and vessel sizes.

As the pulse duration of the laser has only a minor effect on
the efficiency, the results are presented as a short reference table
(Table 2). The values are given as percentages of the maximum
efficiency calculated for the present set-up and parameters. Our
modelling showed, for all pulse durations and vessel diameters,
that the laser efficiency decreases with increasing Auence
(J em™?). Thus, with increasing fluence more and more photons
do not contribute to the thermal damage of the vessel and may
be absorbed in targets elsewhere in the dermis. This increases
unnecessarily the risk of side-effects and might be responsible
for excess pain during treatment.

However, the small spot size yields higher efficiency than
the large spot size because less energy (J) is used at equal flu-
ence. For example, for a fluence of 100 J em™ an energy of
49 § is necessary for a 2:5-mm spot size, but 283 J is needed
for a 6-mm spot size. Bven for the highest fluence at 2:5 mm,
the laser efficiency is higher as compared with the lowest flu-
ence at 6 mm. As mentioned above, a spot size as small ag
possible is recommended, which is adapted to the size of the
vessel. This helps to avoid the unnecessary interaction of laser
photons outside the vessel in the normal skin. Other stud-
ies'*™'® also support our recommendation to keep the spot
size as small as possible.

The computer-assisted modelling yielded a range of safe
and effective parameters for the treamment of leg veins using
an Nd:YAG laser with 1064 nm wavelength. This range is
defined as a compromise between laser efficiency and thermal

damage to vessels. To achieve optimal thermal damage of ves-
sels and high laser efficiency, the modelling results recom-
mend a range of 100-200 J cm™” at a pulse duration of 30—
60 ms. This range fits very well with most clinical smdies (see
Table 1).

However, the main goal of laser reatment of leg veins is

~ vessel closure that can be seen clinically. If the vessel does not

close, it is necessary to depart from the range that is recom-
mended in the reference table, in particular for small vessels
with diameters < 0-5 mm. The problem with small vessels is
due to the low light absorption of oxyhaemoglobin at
1064 nm together with the low number of light-absorbing
erythrocytes in small vessels. There are two options to over-
come this problem. Firstly, one can increase the fluence up to
300 ] em™? to achieve coagulation. Such a high fluence leads
to an increased risk of side-effects as the laser efficiency is sig-
nificantly smaller as compared with that at a low fluence. The
high fluence application must be accompanied by a Very care-
ful cooling of the skin surface. Secondly, the pulsed dye laser
can be used if available. This is a good treatment option for
leg veins < 0-7 mm in diameter,”

Conclusion

So far, it is generally agreed that laser parameters such as
wavelength, fluence and pulse duration govern the vessel
destruction in selective photothermolysis. In the case of
large vessels, we demonstrated that the diameter of the ves-
sel itself determines a successful destruction by photo-
thermal action. The rate of vessel damage is proportional to
the integrated hear within blood vessels during and after
laser irradiation. This was shown by direct comparison of
outcomes of clinical studies published so far with results of
mathematical modelling. The present marhematical model is
a fair representation of the selective photothermolysis pro-
cess in NA:YAG laser treatment of large vessels. Hence, the
model is a useful tool to delineate the key parameters that
govern photothermolysis in trearment of leg veins by
NA:YAG laser at 1064 nm. The reference table (Table 1)
could be used to select laser parameters for various laser
systems and vessel sizes (i.e. clinical parameters), whereas
the clinically visible closure of the vessel during laser irradi-
ation remains the main goal. Departing from this range of
recommended parameters does not automatically lead to
side-effects such as scarring, but it increases the possibility.
The reference table should be used as a guide: it does not
aim to replace clinical experience but to help in treatment
planning.

Currently the model cannot describe the complex nature of
thrombotic or haemorrhagic processes, which may follow
minutes or hours after laser impact and which might influence
the clinical endpoint of vessel destruction.*>*® None the less,
a good agreement of our modelling and vascular response to
laser therapy using an animal model was recently presented.®’”
Additional work must be performed to compare the findings
prospectively with clinical outcomes.
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