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Abstract
Background and Objectives: Mid‐infrared (IR) ablative fractional laser treatments
are highly efficacious for improving the appearance of a variety of dermatological
conditions such as photo‐aged skin. However, articulated arms are necessary to
transmit the mid‐IR light to the skin, which restricts practicality and clinical use.
Here, we have assessed and characterized a novel fiber laser‐pumped difference
frequency generation (DFG) system that generates ablative fractional lesions and
compared it to clinically and commercially available thulium fiber, Erbium:YAG
(Er:YAG), and CO2 lasers.
Materials and Methods: An investigational 20W, 3050/3200 nm fiber laser
pumped DFG system with a focused spot size of 91 µm was used to generate
microscopic ablation arrays in ex vivo human skin. Several pulse energies
(10–70 mJ) and pulse durations (2–14 ms) were applied and lesion dimensions
were assessed histologically using nitro‐blue tetrazolium chloride stain. Ablation
depths and coagulative thermal damage zones were analyzed across three
additional laser systems.
Results: The investigational DFG system‐generated deep (>2mm depth) and
narrow (<100 µm diameter) ablative lesions surrounded by thermal coagulative
zones of at least 20 µm thickness compared to 13, 40, and 320 µm by the Er:YAG,
CO2, and Thulium laser, respectively.
Conclusion: The DFG system is a small footprint device that offers a flexible fiber
delivery system for ablative fractional laser treatments, thereby overcoming the
requirement of an articulated arm in current commercially available ablative
lasers. The depth and width of the ablated microcolumns and the extent of
surrounding coagulation can be controlled; this concept can be used to design
new treatment procedures for specific indications. Clinical improvements and
safety are not the subject of this study and need to be explored with in vivo
clinical studies.

KEYWORDS
difference frequency generation, fiber delivery, fractional ablation, fractional laser

Lasers Surg Med. 2022;54:851–860. wileyonlinelibrary.com/journal/lsm | 851

This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Lasers in Surgery and Medicine published by Wiley Periodicals LLC.

https://orcid.org/0000-0002-6461-4891
https://orcid.org/0000-0002-7641-9647
https://orcid.org/0000-0002-7304-6267
mailto:mevers@mgh.harvard.edu
https://wileyonlinelibrary.com/journal/lsm


BACKGROUND

Selective photothermolysis (SP) describes the depen-
dence of tissue interactions on the laser wavelength,
pulse duration, and pulse energy for particular chromo-
phore targets.1 The theory suggests that to obtain
permanent thermal damage (thermolysis) of a target,
laser light must be absorbed by the target and energy
must be confined to the targeted structure, the latter
keeping surrounding tissue intact, by keeping the pulse
duration shorter than the thermal relaxation time.2

Compared to hemoglobin or melanin, water is not a
useful target for SP since it is present at a high
concentration throughout the skin (approximately
60%–80% of the epidermis and dermis).3 To target
water as a chromophore and to avoid bulk heating of
the skin, fractional photothermolysis (FP) was in-
vented.4 In FP, short laser pulses with high peak
fluences focused into small spots create spatially
separated microscopic damage zones, leaving surround-
ing areas of skin perfectly intact. While SP relies on
selective absorption of pigmented target structures and
FP relies on optical foci within a largely uniform
medium, both cause small, spatially limited zones of
photothermal effects within the tissue.4

Traditionally, fully ablative laser resurfacing treat-
ments with Erbium:YAG (Er:YAG) (2.94 µm) and
CO2 (10.6 µm) lasers were used to remove the top layer
of skin (epidermis and superficial or papillary dermis)
in a uniform way. This technique achieves excellent
improvement for numerous dermatological conditions,
but with the risk of adverse events such as pigmentary
changes and significant social downtime during which
patients have to endure oozing, crusting, and erythema
that usually lasts between 1 and 4 weeks depending on
the parameters chosen.5 Multiple successive fractional
laser treatments (applying the concept of FP) have
been shown to achieve similar clinical outcomes as
fully ablative laser resurfacing, but with fewer adverse
events and lower downtimes, in the range of 3–5 days
after each treatment.4–6 Such treatment of the skin in
fractions has been done with both nonablative frac-
tional lasers (NAFLs) and ablative fractional lasers
(AFLs). NAFLs produce microscopic coagulation
zones, while AFLs generate microscopic ablation
zones (MAZs) of controlled width, depth, and densi-
ties. Based on the water absorption coefficient µa,
wavelengths of the near‐ to mid‐infrared spectrum
(1064–1940 nm, µa < 130 cm−1) are suitable for NAFL
treatments, whereas wavelengths of the mid‐infrared
spectrum (1940–10600 nm, µa > 130 cm−1) are used for
AFL treatments.7 There is a transitional range of
wavelengths around 1940 nm suitable for both, AFL
and NAFL treatments depending on the laser energy
density and focused spot size. Both AFL and NAFL
systems produce arrays of ablation and/or coagulative
thermal damage surrounded by undamaged skin,

which allows fast epidermal repair and have been
successfully used for improving the appearance of
scars, epidermal pigmentation, melasma, and photo-
damaged skin.8–11

There are three modalities with which fractional laser
energy can be delivered from the laser output to the
tissue: the first is an articulated arm with a system of
reflecting mirrors, the second is a solid core fiber, and the
third is a hollow waveguide. The most commonly used
delivery system of AFLs such as Er:YAG and CO2 lasers
is the articulated arm.12 However, there exist several
downsides with these systems, such as constrained
flexibility and ridged movement of the arm during
procedures. Additionally, articulated arms can get
misaligned when not handled properly or during
transport, which can cause beams to wander and require
expensive maintenance by a specialist. Therefore, efforts
have been made to find alternative delivery systems that
are lightweight and highly flexible such as fiber delivery
systems. Fiber delivery addresses the aforementioned
problems and fundamentally increases the practicality of
lasers in dermatology.

Compared to articulated arms, fiber delivery systems
use solid core fibers. These fibers made out of silica are
common and inexpensive, but silica strongly absorbs
wavelengths >2.1 µm, and therefore cannot be used for
the delivery of mid‐infrared light employed in AFL
systems.13 Other solid core fiber materials for wave-
lengths >2.1 µm exist (e.g., sapphire), but are not suitable
for mass applications.14 Hence, solid core fiber delivery is
currently limited for use in NAFL systems at wave-
lengths <2.1 µm.

In addition to articulated arms and solid‐core fibers,
hollow waveguides have been investigated as an option
to deliver mid‐infrared laser light for medical applica-
tions.14 While hollow IR‐transmitting waveguides do
offer an alternative to solid‐core fibers in high‐power
laser delivery applications, the hollow structure makes
them fragile and does not allow for tight bends as this
would break the waveguide. Due to this concern, hollow
waveguides have not reached broad uptake in clinical
practices.

Even though AFLs are an effective treatment for
facial rejuvenation, the lack of reliable and cost‐effective
means of guiding optical power in an optical fiber or
other flexible delivery systems limits the practicality and
scope of dermatological applications significantly. In this
study, we assess a novel ablative fractional fiber laser‐
pumped DFG system that allows flexible fiber delivery
for dermatological applications. The prototype DFG
system has two highly water absorbed output wave-
lengths (3050 and 3200 nm) and it generates large peak
radiant exposures, which allow for narrow and con-
trolled depth ablations in the skin. Here, we show for the
first time MAZs in human ex vivo skin with a novel
ablative fiber laser‐pumped DFG system, which were
analyzed and compared to histological outcomes of

852 | FIBER LASER FOR AFL TREATMENTS



clinical and commercially available laser systems such as
Thulium, Er:YAG, and CO2 lasers. We anticipated and
verified significant differences in ablation depth and
thermal damage between these lasers, based on the laser
parameters, and water absorption properties. Further-
more, we discuss the suitability of this prototype system
for clinical applications.

MATERIALS AND METHODS

Laser systems

Laser pulse exposures on skin tissue were performed with
a commercially available Thulium fiber laser, a clinical
Er:YAG laser, a prototype fiber laser pumped DFG
system, and a clinical CO2 laser. The laser pulse
properties are summarized in Table 1. The focused spot
size, Rayleigh range, and beam quality factor M2 were
experimentally determined with the knife‐edge technique
for each laser system.15

Thulium fiber laser (1940 nm)

A thulium fiber laser (TLR‐120‐1940; IPG Photonics
Corporation) was gated to generate 2–7 ms pulses with a
rectangular‐shaped temporal pulse structure. The Thu-
lium fiber laser beam was focused on a 108‐μm beam
diameter and radiant exposures of 872–8986 J/cm2

(80, 101, 126, 157, 185, 194, 212, 488, and 854mJ/pulse)
were used.

Er:YAG laser (2940 nm)

A clinical ablative fractional Er:YAG laser (Sciton
Profile; Sciton Inc.) was used to treat ex vivo human
tissue. Laser microspots were delivered in 250 µs pulses,
with a spot size of 256 µm and a 10% treatment density at
radiant exposures of 51–306 J/cm2 (25, 50, …, 150 mJ/
pulse).

Fiber laser pumped DFG (3050/3200 nm)

The DFG system (IPG Photonics Corporation) is a
novel, small footprint, tabletop system that consists of a
base unit, a flexible umbilical cord, and a handpiece
(Figure 1). The base unit consists of two diode‐pumped
fiber lasers, namely, a 1030‐nm ytterbium‐doped pump
fiber laser and a 1560‐nm Er seed fiber laser. A
multimode fiber delivers these wavelengths to the hand-
piece where they are combined in a two‐stage nonlinear
crystal converter to generate 3050 and 3200 nm wave-
lengths via the difference frequency generation (DFG)
process (Figure 2).16,17 The ratio of emitted wavelengths
for 3050 versus 3200 nm is approximately 2:1. Both
wavelengths are collimated onto a scanner mirror in the
handpiece and focused on skin with free‐space optics to a
spot size of 91 µm. The 1030 and 1560 nm laser light is
returned to the base unit via another optical fiber and
dumped into a beam trap. The system produces
2–20ms pulses, which consists of a train of 2 ns full‐
width at half‐maximum (FWHM) pulse duration nano‐
pulses. Pulses with energies of 10, 20, …70mJ

TABLE 1 Laser wavelength, beam diameter, pulse energy, and other parameters for the four laser systems tested in this study

Thulium fiber Er:YAG DFG CO2

Model TLR‐120‐1940 Sciton Profile Prototype UltraPulse

Manufacturer IPG Photonics Sciton IPG
Photonics

Lumenis Ltd.

Wavelength λ (nm) 1940 2940 3050/3200 10600

Absorption coefficient µa (cm
−1) 135 12,800 9990/3630 1000

Optical penetration depth δ (µm) 74.1 0.8 1/2.8 10

Beam diameter 2ω0 (µm) 108 256 91 120

Pulse energy Ep (mJ) 80–854 25–150 10–70 20–132

Radiant exposure H0 (J/cm
2) 872–2310 51–306 154–1076 177–1166

Rayleigh range z0 (mm) 3.37 1.92 1.68 0.82

Pulse width τ (ms) 2–7 0.25 1–20 1

Thermal confinement (ms) 9.6 0.001 0.002/0.014 0.17

Stress confinement (ns) 48.1 0.5 0.6/1.8 6.5

Beam quality factor M2 1.4 9.1 1.2 1.3

Abbreviations: DFG, difference frequency generation; Er:YAG, erbium:YAG.
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corresponding to radiant exposures in the range of
154–1076 J/cm2 were used.

CO2 laser (10600 nm)

A clinical fractional CO2 laser system (UltraPulse;
Lumenis Ltd.) was used. The emitted laser pulse is
composed of a 1‐ms train of micro‐oscillations with
a repetition frequency of 2MHz (220 ns FWHM
micropulses). The DeepFX handpiece provided a focal
spot diameter of 120 µm and radiant exposures of
177–1165 J/cm2 (20, 43, 70, 85, 110, 117, and 132mJ/
pulse) were applied.

Preparation, treatment, and analysis of ex
vivo skin

Full‐thickness frozen ex vivo abdominal human skin
samples were cleaned of fat, fascia, and hair. Thawed

tissue samples were pinned onto polystyrene foam boards
with the epidermal side facing up at 32°C temperature.
Depending on the laser system, tissue ablation arrays
were generated by scanning systems or manually by a
micrometer translation stage. Exposed tissue samples
were embedded in optimal cutting temperature com-
pound (Tissue‐Tek OCT) and 20‐µm‐thick vertical
sections were obtained by continuous cryosectioning.
Sections were stained with nitro‐blue tetrazolium chlo-
ride (NBTC), a lactate dehydrogenase activity stain to
assess the extent of thermally induced damage,18 and
analyzed using a digital slide scanner (NanoZoomer
S60; Hamamatsu). The ablation depth was defined as the
maximum channel depth of ablated lesions. The coagu-
lation zone thickness and laser channel diameter were
measured at the top (10%–30%) of the ablated lesion.
Tissue ablations of 1 mm depth generated by each laser
system were compared to each other (thulium: 854 mJ
pulse energy and 7ms pulse width, Er:YAG: 50mJ pulse
energy and 0.25 ms pulse width, DFG: 20mJ pulse
energy and 4ms pulse width, CO2: 40 mJ pulse energy
and 1 ms pulse width). At least five individual lesions for
each setting were analyzed and average values of ablation
depth, channel diameter, and coagulation zone thickness
were determined.

Thermal and stress confinement

Due to differences in the laser wavelength, focused
beam size, pulse duration, optical penetration depth δ,
and heat conduction of the deposited energy, the
propagation of thermoelastic stresses differ signifi-
cantly across the four laser systems used in this study.
Spatially confined effects of heat conduction can be
achieved by using laser pulse durations that are shorter
than the thermal diffusion time τd of the heated
volume.1 For laser ablation in soft tissue where the
optical penetration depth is smaller than the focused
beam size, the heated volume can be approximated by a
planar layer, and the characteristic thermal diffusion
time is given as:

FIGURE 1 Photograph of the prototype ablative fractional fiber
laser pumped DFG system. The small footprint base unit has output
wavelengths of 1030 and 1560 nm, which are fiber delivered to a
scanner handpiece. The scanner handpiece contains DFG crystals that
convert the laser light wavelength to 3050 and 3200 nm (ratio of 2:1).
DFG, difference frequency generation.

FIGURE 2 Two‐stage conversion setup scheme. Each stage consists of a periodically poled lithium niobate crystal that generates light with an
output frequency that is the difference between the two input frequencies according to the DFG process. Image adapted from Gulyashko et al.16

DFG, difference frequency generation; Er, erbium; Yb, ytterbium.

854 | FIBER LASER FOR AFL TREATMENTS



τ
δ

κ
= ,d

2

(1)

where κ= 1.43 × 10−3 cm2/seconds is the thermal diffu-
sivity of water.19 In addition to rapid and confined
heating, short‐pulse laser irradiation of tissue leads to the
generation and propagation of thermoelastic stresses.
The stress confinement time τs is the time a stress wave
needs to traverse through the directly heated volume of
the tissue20:

τ
δ

=
c

,s
a
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where ca = 1540 m/seconds is the speed of sound in soft
biological tissue.21 When stress confinement conditions
are fulfilled, the ablation process results in an increase in
ablation efficiency and a decrease in thermal coagulation
zones.22 Table 1 shows laser system‐dependent parame-
ters like wavelength and penetration depth, as well as the
thermal confinement time and stress confinement time of
water. It is important to highlight that human tissue has
water contents from 15%–30% (stratum corneum) to
60%–80% (epidermis and dermis) and that the absorp-
tion coefficient also depends on temperature.3,23

Laser ablation threshold and models

The laser ablation threshold of tissue determines the
minimum required radiant exposure to achieve ablative
material removal.24 Different models have been proposed
to characterize and predict outcomes of laser ablation
processes like the amount of removed material.25 There
are two fundamental ablation models, describing the
extreme cases of absence of thermal diffusion (“blow‐
off“ model) and thermal steady‐state conditions
(“steady‐state” model). Both ablation models simplify
the laser–tissue interaction and have been described in
other work in detail.26,27 In short, the blow‐off model
assumes that a minimum threshold radiant exposure Hth

is required to initiate ablation.20 Radiant exposures
below the ablation threshold only result in heating of the
target. The model assumes that conditions for thermal
confinement are satisfied. The model shows a semi-
logarithmic relationship between the ablation depth δabl
and the incident radiant exposure H0

22:
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The steady‐state model predicts that material
removal occurs during the irradiation of the tissue
linearly with time. It is used for microsecond and
millisecond laser pulses. Compared to the blow‐off
model, it assumes a linear relationship between ablation
depth and radiant exposure22:
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To unify the logarithmic blow‐off model and the
linear steady‐state model, we can use the Hibst
model27,28:
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where γ is used as a parameter to approximate whether
an ablation process is closer to the blow‐off model
(γ→ 1) or to the steady‐state model (γ→ 0). The data are
analyzed with the three models described above.

RESULTS

Laser–tissue interaction

As expected, the ablation depths grew in size with
increasing radiant exposures and were comparatively
greater for laser systems with higher absorption coeffi-
cients (Figure 3). It was also anticipated that the ablation
depth slope would increase with rising water absorption
coefficients (Figure 3). Thulium laser ablation even at
high radiant exposure was only superficial; this was a
result of the high ablation threshold (Table 2) and low
water absorption coefficient. The ablation channel
diameter was smallest for the DFG system (92 ± 8 µm),
followed by the CO2 laser (138 ± 12 µm), the Thulium
laser (146 ± 15 µm), and the Er:YAG laser (252 ± 16 µm),
which agrees with the knife‐edge measured focal spot
sizes in Table 1. The Thulium laser created slightly oval
ablation craters (short:long axis ratio, 1:1.3), while the
other laser systems led to circular craters.

Coagulative thermal damage

The coagulative damage at the edges of the ablation
crater is consistent in size and it increases with higher
optical penetration depths (lower absorption coefficient)
shown in Figure 4. Therefore, the largest coagulation
zones were generated by the Thulium laser followed by
the CO2 laser, the DFG system, and then the Er:YAG
laser. For the Thulium laser, thermal confinement is
satisfied (Equation 1), meaning that the laser efficiently
removes tissue and that a reduction in thermal damage
can only be achieved by reducing the pulse duration to
also fulfill stress confinement conditions (Equation 2).
The Er:YAG laser, DFG system, and CO2 laser could
theoretically achieve smaller coagulation zones by
reducing the pulse duration until thermal or stress
confinement conditions are fulfilled (Table 1). However,
due to the high water absorption coefficients of these
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laser system wavelengths, thermal coagulation times are
in the microsecond range and stress confinement times
are in the few nanosecond range (Table 1), and therefore,
none of the laser–tissue experiments fulfilled these
conditions. Here, the smallest experimental achievable
coagulation zone of the Er:YAG laser was 12 ± 4 µm,
while the DFG system, CO2, and Thulium laser were
limited to larger coagulation depths of 20 ± 5, 40 ± 11,
and 320 ± 32 µm.

Ablation metrics

The parameters (Hth and γ) in Equations (3), (4), and (5)
were fit with a nonlinear least‐squares fitting algorithm
(lsqcurvefit, Matlab2019b; MathWorks) to the experi-
mental data and the resulting values are summarized in
Table 2. For the blow‐off and the Hibst model, the
experimentally determined ablation thresholds in tissue
were significantly higher than the theoretically deter-
mined thresholds for water evaporation for each
wavelength. The steady‐state fit for the experimental
data can be neglected since it resulted in ablation
thresholds of 0 J/cm2 for each wavelength. This can be
explained by the simplicity and the linear nature of the
steady‐state model, which fails to adequately fit logarith-
mic data. The Thulium laser can be best described by the
Hibst model with a γ parameter of 0.93 (Table 2). The
Er:YAG, DFG system, and CO2 laser are best described
by the Hibst model with γ parameters of 0.05, 0.07, and
0.12, respectively.

Pulse duration

Figure 5 shows that ablation and coagulation depth can
be modulated by varying the laser pulse duration. While
the pulse duration of the clinical Er:YAG and CO2 laser
systems could not be varied, it has been previously shown
that the coagulation zone thickness of these systems can
be modulated.29 However, the minimum coagulation
zone thickness is limited by the optical penetration
depths (inversely dependent on the water absorption
coefficient) at each laser wavelength. While the coagula-
tion width increases via heat diffusion, it cannot be
reduced below the optical penetration depth. This
theoretical coagulation depth (optical penetration depth)
is the smallest for the Er:YAG laser, followed by the
DFG system, the CO2 laser, and the Thulium laser
(Table 2). By adjusting the laser parameters, the Er:YAG
laser and DFG system allow for the largest range of
coagulation depth control and are suitable for treatments
that require a range of coagulation depths. The CO2 and
Thulium laser, however, are confined by their minimum
coagulation depth which is significantly larger.

FIGURE 3 Blow‐off, steady‐state, and Hibst models to fit the
ablation depth versus radiant exposure curves of the Er:YAG
(2940 nm), fiber laser‐pumped DFG (3050/3200 nm), CO2

(10600 nm), and Thulium (1940 nm) laser in ex vivo human
tissue. The Hibst model (with the extra adjustable parameter γ)
results in a better fit for every wavelength compared to
the blow‐off and steady‐state model. DFG, difference frequency
generation; Er, erbium.
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TABLE 2 Theoretical ablation threshold (Hth) of water (70%) and experimentally determined ablation thresholds of ex vivo human skin using
the blow‐off, steady‐state, and Hibst models for the Thulium, Er:YAG, DFG, and CO2 laser

70% Water Blow‐off model Steady‐state model Hibst model
Hth (J/cm

2) Hth (J/cm
2) R2 Hth (J/cm

2) R2 Hth (J/cm
2) γ R2

Thulium fiber 26.8 689.6 0.991 0 0.833 676.3 0.93 0.992

Er:YAG 0.3 18.9 0.901 0 0.694 2.7 0.05 0.944

DFG 0.4/1 73.5 0.964 0 0.752 10.4 0.07 0.981

CO2 3.6 112.6 0.985 0 0.917 42.9 0.12 0.996

Note: R2 is the square of Pearson's correlation coefficient, which is a measure of how well the model predictions and the experimental data match with each other.

Abbreviations: DFG, nitro‐blue tetrazolium chloride; Er, erbium.

FIGURE 4 Horizontal histology sections of ex vivo human skin treated with (A) Thulium, (B) Er:YAG, (C) fiber laser pumped DFG, and
(D) CO2 laser stained with NBTC. For corresponding vertical histology sections below (E–H) laser parameters were chosen to generate 1‐mm‐deep
ablated fractional lesions. The horizontal sections show clear differences in the size of the coagulation zone. The Thulium laser parameters are
108 µm spot size, 854 mJ pulse energy, 7 ms pulse width, and 1940 nm wavelength. The Er:YAG laser parameters are 250 µm spot size, 50 mJ pulse
energy, 0.25 ms pulse width, and 2940 nm wavelength. The fiber laser‐pumped DFG parameters are 91 µm spot size, 20 mJ pulse energy, 4 ms pulse
width, and 3050/3200 nm wavelength. The CO2 laser parameters are 120 µm spot size, 40 mJ pulse energy, 1 ms pulse width, and 10600 nm
wavelength. DFG, difference frequency generation; Er, erbium; NBTC, nitro‐blue tetrazolium chloride.
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DISCUSSION

AFLs are considered the gold standard for many low‐
downtime dermatological treatments and numerous
studies have been published on the excellent clinical
effects, especially when used on the face.5,8,30 The DFG
system used in this study has wavelengths and water
absorption coefficients between the most commonly used
clinical lasers (Er:YAG and CO2) and our results showed
that its ablation efficiency is comparable with both
systems. To circumvent the need for an articulated arm,
several AFL systems have been developed where laser
components such as flashlamp, laser crystal, and so on
can be found inside the handpiece.6 While these laser
systems avoid using articulated arms, their handpieces
are often heavy, bulky, require water cooling, and have
fixed scanning patterns.31,32 Here, the DFG system
converts the fiber delivered pump laser light inside the
handpiece making it lightweight and flexible. Addition-
ally, the DFG handpiece contains a laser scanner that
allows for a variety of scan patterns and densities.

One of the goals of this study was to determine the
residual coagulative thermal damage around the ablated
lesions of each of the four laser systems as it determines
the wound healing process and clinical outcome.33

Currently, the Thulium laser is the only commercially
available fiber‐delivered system that could be used for
AFL treatments. However, excessive thermal coagula-
tion zones presented in Figure 4 would most likely result
in adverse effects such as scarring, making the device
unsuitable for in vivo experiments and clinical practice.
In comparison, the thermal damage caused by the DFG

system makes us believe that it is sufficient to provide
new collagen formation in the dermis while maintaining a
short wound healing time similar to that of Er:YAG laser
treatments. Currently, fractional Er:YAG treatments
produce significant oozing and bleeding when generating
ablation depths beyond 500 µm, because they generate
minimal tissue coagulation (larger coagulation zones
help in minimizing bleeding).34 Compared to that, CO2

lasers produce less oozing, greater collagen remodeling,
and better efficacy for the treatment of facial rhytids, but
are associated with higher intra‐operative and post-
operative pain and have a greater risk of complications
such as hypopigmentation and scarring due to larger
thermal coagulation zones.35,36 The DFG system could
produce a better blend of coagulation and ablation than
the CO2 and Er:YAG laser, similar to the laser–tissue
interaction of less commonly used Er:YSGG lasers
(2790 nm) or Er:YAG laser systems that are capable of
producing a train of subpulses to increase the degree of
thermal coagulation.6,35

Another part of this study was to analyze and
characterize each system's laser–tissue interaction. There-
fore, the relationship between ablation depth and radiant
exposure was determined and described by simple
heuristic ablation models. The Thulium laser ablation
curve was best fitted by the blow‐off (γ→ 1) and Hibst
model (γ= 0.93), which conforms with the ablation
characteristics found in literature and allows for a rapid,
albeit rough estimation of the ablation depth.27 The γ
values of the Er:YAG, DFG, and CO2 laser systems were
close to zero (0.05, 0.07, and 0.12, respectively),
suggesting a steady state‐like relationship between
ablation rate and incident energy. However, the linear
steady‐state fit is not applicable since it is a simple
approximation, which does not include any of the
attenuation and energy losses that can occur such as
shielding effects by ejected materials, tissue shrinkage,
and other nonlinear effects.26 Therefore, the more
sophisticated Hibst model resulted in the best approxi-
mation of our experimental data, even though it
produced ablation thresholds that were several times
larger than the theoretically determined thresholds for
water evaporation (Table 1). This was expected since skin
is a heterogeneous material with different water contents
and mechanical strength for each layer, which results in
higher ablation thresholds compared to water.22 Despite
the applicability issues mentioned above, the Hibst
model provides a basic understanding of the energetics
of thermal ablation processes and allows for an
approximation of the ablation depth and threshold.

For the clinical outlook, we have shown that the
fractional DFG system results in a greater zone of
coagulation compared to Er:YAG lasers, and we,
therefore, hypothesize that it might produce less bleeding
and better dermal collagen remodeling. The DFG system
presents less thermal coagulation than CO2 lasers,
resulting in more controlled thermal heating with

FIGURE 5 The graph shows the effect of the pulse train duration
on the ablation depth and coagulation zone thickness in ex vivo human
tissue using the fiber laser‐pumped DFG. The energy per pulse stays
constant at 10 mJ (radiant exposure of 154 J/cm2) for the pulse train
duration of 2, 4, 6, 8, 10, 12, and 14ms. DFG, difference frequency
generation.

858 | FIBER LASER FOR AFL TREATMENTS



potentially less risk for scarring and long‐term dyspig-
mentation.6 The DFG system's capability of creating
coagulation zones of different sizes (20–>40 µm) could be
advantageous for laser‐assisted drug delivery where thick
coagulation zones can restrict the diffusion of large drug
molecules; however, if sized correctly, the thermal
damage zone can act as a reservoir to provide a slow
release of the drug to the surrounding dermis.37

Additionally, by varying the radiant exposure of the
DFG system, the ablated lesion depth in the skin is
tunable and could be adjusted for specific treatments
such as reduction of undesired superficial wrinkles,
pigmentation, or scars.7,8 Further, most fractional
Er:YAG lasers operate in the multimode regime, which
makes the output beam highly divergent and of low
quality (M2 = 9.1) and therefore reduces the potential for
diffraction‐limited focused spot sizes.38 The DFG
system, on the other hand, has great beam quality
(M2 = 1.2), which allows for close to diffraction‐limited
focal spot sizes. If desired, future iterations of the DFG
system could further reduce the focused spot size of
currently 91 µm to below 50 µm. This could potentially
lead to new dermatological applications that require
narrow ablation channels as well as reduce wound
healing times. Further, the large Rayleigh length of the
Er:YAG and DFG systems compared to the CO2 laser
(Table 1) reduces the clinical impact of deviations from
the focal plane, which could improve the safety and
efficacy of ablative fractional resurfacing procedures.39

The limitations of this study are intrinsic to ex vivo
human skin experiments, specifically the availability and
quality of the tissue. While most dermatological laser
applications are performed in facial tissue, our experi-
ments were performed in previously frozen human
abdominal skin from Caucasian women of older age.
Additionally, there is a difference in ex vivo and in vivo
conditions in terms of blood circulation, which may
cause bleeding and changes in laser absorption as well as
heat distribution. Despite these limitations, our current
histologic findings provide the basis for future clinical
studies and highlight that the DFG system is a promising
platform for AFL applications.

CONCLUSIONS

We characterized the ablation and coagulation capabili-
ties of a novel flexible fiber laser‐pumped DFG and
compared it to commercially available Thulium fiber,
Er:YAG, and CO2 lasers. The wavelengths of the DFG
system are highly absorbed by water and generate deep
ablated lesions with a minimum coagulative thermal
damage zone that is two times larger than that of the
Er:YAG laser and half the size as compared to CO2

lasers. For each laser system, we have described the
laser–tissue interaction with simplified heuristic ablation
models and found a close correspondence of the DFG

system with the Er:YAG and CO2 lasers. Besides efficient
soft tissue ablation, the DFG system produces ablated
laser lesions that are surrounded by coagulation zones
whose width can be adjusted. In addition, to the best of
our knowledge, the DFG device is the first fiber‐delivered
system suited for AFL treatments that overcome the
need for articulated arms of presently used AFLs. While
ex vivo studies are appropriate for the analysis of
laser–tissue interaction, in vivo clinical studies will be
required for the investigation of various indications.
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