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Objective: Previous research has shown that effective application of angiolytic lasers in microlaryngeal surgery is deter-
mined by wavelength, pulse width (PW), and fluence. Recently, a 445-nm (blue) laser (BL) has been developed with a poten-
tially greater hemoglobin absorption than previous lasers. The chick chorioallantoic membrane (CAM) represents a suitable
model for testing various settings to find out the most optimal settings of this laser. This study used the CAM model to examine
whether successful photoangiolytic effects could be obtained using BL.

Methods: Seven hundred and ninety three third-order vascular segments of viable CAM were irradiated using BL via
400-pm diameter fiber, 1 pulse/second, with PW and power varied systematically at standardized fiber-to-vessel distances of
1 and 3 mm. Outcome measures including vessel ablation rate (AR), rupture rate (RR), and visible tissue effects were analyzed
using Chi-square test.

Results: Energy levels of 400, 540, and 600 m] (per pulse) were most effective for vessel ablation. A working distance of
3 mm resulted in higher ablation and less vessel rupture compared with 1 mm at these optimal energy levels. At 3 mm, a lon-
ger PW resulted in higher AR. At 1 mm, AR increased with shorter PW and higher power. The 1-mm working distance resulted
in lower tissue effects than 3 mm.

Conclusion: Findings in this study showed that BL was effective in vessel ablation using relevant combination of working
distance, PW, and energy levels. To obtain high AR, longer working distance plus longer PW was required and if working dis-
tance was reduced, shorter PW should be set.
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INTRODUCTION

Laser application in surgery has been based on selective
(photoangiolytic) or non-selective (cutting) light wavelength
absorption by the target tissue.? Angiolytic lasers use
hemoglobin as the chromophore! the absorption coefficient
curve of which has peaks at 418 nanometers (nm),
524, 577, and 1,064 nm>* (Fig. 1). Vascular effects occur as
energy at a given wavelength, which is preferentially
absorbed by hemoglobin over adjacent tissues.®
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Photoangiolysis allows treatment of vascular lesions that
affect vibratory characteristics of the delicate vocal fold
mucosa while preserving its ultrastructure and pliability
which is important especially in professional voice users.®
Animal” and clinical studies®1° have demonstrated the
effectiveness of angiolytic lasers in treatment of vocal fold
varices,® polyps,'®! papillomatosis,®'2 and dysplasia.'®

In microsurgery using angiolytic laser, there is a
range of effects upon blood vessels* where the two most
clinically significant endpoints are vessel ablation (vascu-
lar occlusion) and rupture? where vessel contents extrava-
sate into surrounding tissues. Vessel ablation is desirable
in phonosurgery as hemorrhage from a ruptured vessel
can have negative impact upon the laser procedure and
potentially surgical outcome.'® If hemorrhage occurs, the
laser energy is absorbed by more superficial blood rather
than the sub-lesion or intra-lesion microcirculation.®
In addition, blood extravasation into the superficial
lamina propria can result in indiscriminate absorption
of laser energy causing photothermal trauma to this
structure.'® Factors that affect these outcomes include
laser wavelength,'” vessel diameter,!® pulse width
(PW),* and fluence.'*'® While wavelength for a given
laser is fixed, its PW, power, and working distance can
be manipulated by the surgeon to affect the energy
delivered per unit area (pulse fluence). Therefore, it is
important to determine the most optimal combination
of settings.
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Several angiolytic lasers have been wused in
microlaryngeal surgery. The 585-nm pulsed dye laser
(PDL)?*?! has very short PW resulting in variable coagula-
tion? and high incidence of vessel rupture,'® thus decreasing
vascular selectivity.’® The 532-nm pulsed potassium-tit-
anyl-phosphate (KTP) laser (Aura XP™—Boston Scientific,
MA, USA) has more selective absorption of hemoglobin at
this wavelength® and longer PW than the PDL'® making it
more effective in selective photoangiolysis.!® However, this
laser is sensitive to mechanical impact, is expensive to
maintain, has limited pulse duration options, and future
availability and support may be limited.

Recently, a novel 445-nm laser has been developed
for clinical use (WOLF TruBlue laser, A.R.C. Laser
GmbH, Nuremberg, Germany).???® This laser was
claimed to have a number of advantages over KTP laser:
1) A stronger tissue effect with the same pulse and energy
settings (due to a higher hemoglobin absorption peak)*
(Fig. 1), 2) Wide range of pulse rates from continuous
wave to less than a millisecond (ms), 3) Better cutting
ability, and 4) Wider application in microlaryngeal sur-
gery.?? To date, no study has experimentally evaluated
the effects of the 445-nm laser on microvascularity and
whether it offers comparable vascular ablation capability.

Laboratory-controlled experimental conditions allow
investigation of laser settings applicable to microlaryngeal
surgery while minimizing confounding factors. The chick
chorioallantoic membrane (CAM) is an insensate mem-
brane in the chick embryo. From day 15 of the embryonic
period, the CAM has branching blood vessels of various
diameters. The CAM can be exposed by removing the top
of the eggshell allowing easy identification of and access
to blood vessels through the thin membrane. The diameter
and structure of blood vessels in the CAM are also highly
similar to those of the human vocal folds, making
the CAM an excellent experimental model to examine
the effects of angiolytic lasers.2 Previous studies have used
the CAM model to test the 585-nm PDL? and 532-nm
pulsed KTP.21% To date, no studies have examined the
effects of blue laser (BL) on CAM to suggest optimal set-
tings to achieve high vessel ablation rate (AR) and low
rupture rate (RR), or examined the effects of changes in
working distance, PW, and power upon the vascular end-
points. This study of BL on CAM vessels aimed to 1) Iden-
tify settings with high AR; and 2) Examine effects of
varying working distance and PW.

MATERIALS AND METHODS

Ethical Approval

This study was approved by the Sydney Local Health
District Animal Welfare Committee (protocol number:
2019/006A). All guidelines and regulations governing research in
animals were followed.

Protocols

Fertilized chicken eggs were incubated at 37.4°C and 65%
relative humidity using an egg incubator (Type Janoel JN8-48).
On day 12-14 of the incubation period, eggs were removed from
the incubator and placed on a laboratory cup in vertical position
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Fig. 1. Absorption coefficient spectrum of oxyhemoglobin (HbO,)
and water. Adapted from ref. ¥ nm = nanometer.

Fig. 2. Measurement of vessel diameter using a calibrated
micrometer.

for 20 minutes to acclimatize eggs with the room environment.
The top of the eggshell was carefully removed to expose the
CAM. Dissection was performed under surgical microscope to
expose the vascularized layer. Anesthesia was given topically to
the CAM using medetomidine solution 1 mg/mL diluted to 1:100
in saline (0.9% NaCl) at a dosage of 0.3 mg/kg. as described by
Waschkies et al.?*

Three types of the blood vessels differing in diameter were
identified: a primary vessel (i.e. the largest vessel), second-order
vessels branching from the primary vessel, and third-order ves-
sels branching from second-order vessels.!® A precise micrometer
was used to measure vessel diameter with the assistance of
video-editing software (Fig. 2).

Laser experiments were performed using a WOLF TruBlue™
445-nm surgical laser system.?® Laser was deployed via a 400-um
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Fig. 3. Set-up with the laser fiber taped to a plastic cannula to
maintain the minimum working distance; d = distance between the
tips of the fiber and the cannula.

fiber at a rate of one pulse/second (s). This fiber size was chosen as
it was the first clinically available and most commonly produced
fiber for the blue laser and also allowed comparison with previous
blue and KTP laser experiments using this size.2?> A Carl Zeiss
OPMI pico surgical microscope®® with laser filter for eye protec-
tion coupled with a camera head (Panasonic GP-US932)%¢ con-
nected to a video capture device (Smith & Nephew 660HD)?’
was used for the experiment. All staff used protective goggles
and followed laser safety regulations. Third-order vessels in the
CAM were irradiated with 445-nm light at fiber-to-tissue dis-
tances of 1 or 3 mm. The laser fiber was taped to the hub of a
plastic cannula, the tip of which extended 1 or 3 mm beyond the
tip of the laser fiber (Fig. 3). The fiber and the cannula were
parallel so that when the cannula tip was in contact with
the CAM in a perpendicular angle, the desired tip-to-target
distance was achieved.

At each working distance, a combination of PW and power
was tested using a number of vascular segments (Tables S1 and
S2). Energy was delivered until the vessel was ablated or ruptured.
Ablation was defined as a complete seal of the vessel wall with
coagulation of intralumenal blood, creating a bloodless vascular seg-
ment.'® Rupture was defined as an extravasation of blood into the
surrounding area.!® The outcome ‘no effects’ was recorded after
10 pulses without any identifiable ablation or rupture.? Thermal
effects on surrounding tissue were also recorded and were defined
as tissue carbonization that occurred in the CAM membrane area
adjacent to the spot under target. If there was a combination of
both rupture and ablation, the outcome was categorized as rupture.
All outcome measures (ablation, rupture, and tissue effects) were
ascertained using microscopic visualization. Histopathology confir-
mation of outcome measures was deemed impossible because a
large number of vascular segments were used, and biopsy could
cause bleeding of adjacent CAM vessel that could interfere with the
experiment. The percentage (%) of each outcome (AR, RR, and tis-
sue effects) was calculated by dividing the number of vascular seg-
ments with the observed outcome by the total number of vascular
segments used for each setting and multiplied by 100.

Dependent variables included: 1) AR (%); 2) RR (%); and 3)
Tissue effect (%). Independent variables included: 1) PW (milli-
second, ms); 2) Fiber-to-target working distance (millimeter,
mm); 3) Power (Watts, W); 4) Energy level per pulse (milljjoules,
md) calculated as pulse width x power; 5) Vessel diameter (mm);
and 6) Fluence (joules per square centimeter, J/cm?).

Carbon debris and incorrect cleaving of the laser fiber can
affect the irradiated energy resulting in unpredictable angiolytic
effects.?® Therefore, caution was taken during the experiment to
ensure the fiber was regularly cleaved as per manufacturer
instructions.

Statistical Analyses

Data were managed in Microsoft Excel and analyzed using
SPSS 25.0.2° Chi-square test was used to compare the rate of
vessel rupture, vessel ablation, and thermal tissue effects
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Fig. 4. Exposure spot (upper panel) and pulse fluence (lower panel)
at the two working distances for 400-pm fiber. Error bars indicate
standard deviation.

between different laser settings and working distances. A signifi-
cance level of 0.05 was used.

RESULTS

Seven hundred and ninety three third-order vascular
segments of viable CAM from 63 chick embryos (average
weight = 54.3 g) were tested. Mean diameter of vessels was
0.11mm (SD = 0.03; 95% CI = 0.1-0.12; range = 0.06—
0.18 mm). Vessels with diameters from 0.1 to 0.2 mm are
reported to have a thermal relaxation time of approximately
4.8-19.0 ms.'® Figure 4 shows mean fluence for the two
working distances. Mean (SD) of exposure spot (mm) at
1 and 3 mm was 1.3 (0.21) and 2.17 (0.26), respectively.

Settings with High AR

Figure 5 shows AR and RR for all tested energy levels
at two working distances. The number of vascular segments
used for these settings is shown in Tables S1 and S2. Over-
all, this laser was effective in ablating vessels of the CAM
with longer working distance (3 mm) apparently resulting
higher AR and low RR than short working distance (1 mm).
The angiolytic effects also appeared to be different across
energy level. At very low energy (320 mdJ/4 w/80 ms and
360 mdJ/4 w/90 ms) AR was low at both 1 and 3 mm. From
400 mJ, high AR was observed at both working distances,
especially at high energy (540 and 600 mdJ). Figure 5 also
shows that the settings of energy per pulse for the most
effective vascular ablation are 400 mJ (10 w x 40 ms at
1 mm and 4 w x 100 ms at 3 mm), 540 mdJ (9 w x 60 ms at
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3mm), and 600 mdJ
4w x 150 ms at 3 mm).

(10wx60ms at 1mm and

Effects of Working Distance
Given the different trends in angiolytic effects
observed between the two working distances as shown in
Figure 5, AR and RR were compared between 3 and
1 mm while keeping PW and power constant. The effects
of working distances are shown in Figure 6. Longer
working distance (3 mm vs 1 mm) resulted in higher abla-
tion and less vessel ruptures at 400 mJ (4 w, 100 ms,
2 = 6.829, P = .009), 540 mJ (9 w, 60 ms, y* = 13.018,
P =.000), and 600 mJ (4 w, 150 ms, y* = 9.714, P = .002).
Longer working distance also resulted in a higher
rate of visible tissue effects at 400 mJ (4 w, 100 ms,
2 = 33.054, P = .000) and 600 mJ (4w, 150 ms, > =
47.147, P = .000) but not at 540 mdJ (9 w, 60 ms, P = .6).

Effects of PW
PW was switched between short and long for the two
energy levels with highest AR (400 and 600 mdJ) at both
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1 and 3 mm. The effects of PW on ablation, rupture, and
tissue are shown in Figure 7 and are described as follows:
At long working distance (3 mm). Longer PW
resulted in higher AR and lower RR at both 400 and
600 mJ. At 400 mJ when PW increased from 40 ms
(n = 24) to 100 ms (n = 15) AR increased from 83.3% to
100% and RR decreased from 16.7% to 0%, however this
was not statistically significant (P = .095). At 600 mdJ
when PW increased from 60 ms (n = 24) to 150 ms
(n = 24) AR increased from 83.3% to 100% and RR
decreased from 16.7% to 0% (x> = 4.364, P = .037).

Longer PW also resulted in greater visual tissue
effects. At 400 mJ, rate of tissue effects was 33.3% at
40 ms but increased to 80% at 100 ms (3> = 8.046,
P = .005). At 600 md, rate of tissue effects increased from
41.7% at 60 ms to 100% at 150 ms (x% = 19.765, P = .000).

At short working distance (1 mm). At the short
working distance, the effect of varying PW was contrary
to that in the long working distance. In particular, at
1 mm increasing PW significantly decreased AR and
increased RR at both 400 and 600 mdJ. At 400 mdJ, when
PW increased from 40 ms (n = 30) to 100 ms (n = 41) AR
decreased from 93.3% to 65.9% and RR increased from
6.7% to 34.1% (% = 7.494, P = .006). At 600 mJ, when PW
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increased from 60 ms (n = 24) to 150 ms (n = 27) AR
decreased from 100% to 66.7% while RR increased from
0% to 33.3% (x* = 9.714, P = .002).

At 1 mm increasing PW also resulted in lower rate of
tissue effects. At 400 md, tissue effects was 23.3% at
40 ms but dropped to 4.9% at 100ms (> = 5.331,
P = .021). At 600 mdJ, tissue effects were observed in
20.8% at 60 ms but showed a trend of lower rate (3.7%) at
150 ms (x* = 3.592, P = .058).

DISCUSSION

This study simulated microlaryngeal -conditions
using different combinations of PW, fiber-to-target work-
ing distance, and power of BL on the vascularity of the
CAM model. Third-order vessels (allowing comparison
with previous CAM model laser studies)'® had an average
diameter of 0.11 mm which is similar to the size of super-
ficial blood vessels of the human vocal fold (range = 0.015—
0.1 mm).3° While larger CAM vessels (first order and sec-
ond order) may better represent vascular lesions
e.g. varices, they were not investigated in this study.
Findings showed that this laser obtained high AR across
a wide range of energy levels at both 1 mm and 3 mm.

PW is an important parameter of angiolytic lasers
and research has shown that long PW is advantageous®!
as extremely short PWs are associated with higher rates
of vessel rupture (PDL3?) than long PW (KTP laser'®).
Compared with PDL and pulsed KTP lasers, the BL used
in this study offers a wider range of operating pulse wid-
ths from 1 ms to 45 s/continuous wave.?® In the platform
tested at the higher power settings (4.5-10 w) only short
pulses (max 60 ms) can be used which is why our maxi-
mum energy delivery was limited to 600 mdJ per pulse. At
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the lower power settings (4 w and below)) a longer PW
(up to 150 ms) can be set. Data from two energy levels
with highest AR (400 and 600 mJ, Fig. 7) showed that the
effects of PW variation were different between 3 and
1 mm working distances. We observed high ablation and
low rupture using long PW at 3 mm. However, at 1 mm
increasing PW significantly decreased AR and increased
RR, probably due to higher pulse fluence. The fact that
angiolytic effects depend upon pulse fluence has been
documented in studies with KTP laser®'® and BL.%? A
combination of laser energy and fiber-to-tissue working
distance determines its fluence.’® Our experimental data
showed slightly higher mean fluence than previously
reported for both working distances?? (Fig. 4). The higher
AR at 3 mm implied that lower pulse fluence appeared to
be more optimal for BL. The two working distances used
in this study were 1 and 3 mm to allow comparison with
previous reports on KTP laser'® and these are also used
frequently in microlaryngeal surgery. Our findings
showed that angiolygic effects of BL were determined by
both PW and working distance. For complete vessel abla-
tion, long pulse widths at long (3 mm) distance were
required and if working distance was reduced, shorter
pulse widths would be required.

Using 532-nm pulsed-KTP laser on CAM vessels,'®
Broadhurst et al showed that longer PW resulted in
less vessel ruptures at 1 mm and 550 mdJ. At the same
energy level at 3 mm, they found that increasing PW
did not result in vessel rupture. Only our results at
3 mm agreed with these findings while the data at
1 mm showed a contrary trend. PW essentially stipu-
lates the time the vessel is exposed to the laser energy
and should be compatible with the vessel diameter and
approximately equal to the thermal relaxation time of
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that diameter.?® Using 532 and 1,064 nm laser energy,
Suthamjariya et al.!* have shown that by increasing
pulse width, the threshold fluence for angiolytic effects
increased, leading to less vessel rupture. They rec-
ommended that pulses between 10 and 30 ms are most
suitable for effective photoangiolysis of 0.12-mm to
0.15-mm vessel size. This is also the typical pulse
width range of KTP laser in microlaryngeal surgery.
Experiments on KTP laser mostly found great ablation/
low rupture rate when increasing pulse width within
this range.?!® In the present study, the effective PW
settings of BL were much higher than the optimal
pulse width range of KTP laser as mentioned above. If
PW is longer than thermal relaxation time of the ves-
sels, the effects would be non-specific thermal damage
instead of effective coagulation.?* This may be a reason
for different patterns of vessel-laser interaction of BL
compared with KTP. Additionally, previous research
has shown correlation of vessel damage with laser
wavelength.!” Although BL and KTP lasers may be
functionally similar in terms of angiolytic effects, there
are differences in oxyhemoglobin optical absorption
between the 445 nm of BL and 532 nm of KTP* with
445 nm light having a higher affinity compared with
532 nm light (Fig. 1).

In this study, we also found that visible surface tis-
sue effects were significantly greater at 3 mm than at
1 mm. This may be related to the longer PW and hence a
longer exposure time.>* Additionally, the larger exposure
spot diameter at 3 mm provides a larger surface area for
laser-tissue interaction, possibly making laser-tissue
interactions more visible. The greater tissue effect at
3 mm was observed at the surface of the CAM. It is
unclear whether this is relevant when translated to a
clinical setting. A possible implication is that longer
working distances might be more relevant for superficial
epithelial lesions e.g. laryngeal papillomatosis.

In summary, given that BL was effective in ablating
blood vessels in the CAM model, it is expected that this
laser is also successful in treatment of the types of vocal
fold lesions that have been treated using previous
angiolytic lasers e.g. varices,® polyps,'° papillomatosis.®'2
Clinical studies are needed to examine the effects of the
blue laser on these lesions.

CONCLUSION
The following points can be withdrawn from this
study:

1. BL was highly effective in ablating vessels of the CAM
model. Higher ablation rates and lower vessel rupture
rates were observed at the 3 mm working distance
compared with the 1 mm working distance.

2. At 3 mm working distance, longer PW resulted in
higher AR lower RR. Effective PW settings of BL for
angiolysis were higher than reported PW ranges of
other angiolytic lasers, suggesting differences in
vessel-laser interaction across lasers.

3. Lower energy levels less than 400 mdJ per pulse are
ineffective for vascular ablation and may lead to
increased risk of vessel rupture. The most effective
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energy levels for vascular ablation are 400, 540, and
600 md.

4. At a working distance of 1 mm, a shorter PW and
higher power is required to achieve high AR at equiva-
lent energy levels.

5. Visible tissue effects are lower at 1 mm compared with
3 mm working distances.

These findings imply that the 445 nm Blue laser is
likely to be effective in treatment of types of vocal fold
lesions that have been successfully treated using other
angiolytic lasers.
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