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ABSTRACT

Background: [nfrared [ractional Lasers that targel tissue waler are traditionally divided into nonablative and ablative devices.
Tlie 1927 nm Fractional thulivm fber lager (FTL) may. die o an intermediate water absosplion coefficient, offer a range of
nanablative-te-ablative effects.

Dbjective: This study explored dynamic 1927 nm FTL-lisgue inleractions produced by different pulse energies in in vivo human
skin, using non-invasive aptical coherence lomography (OCThand line-liedd confocal OCT (LC-OCT) imaging.

Methods: FTL exposure was perfommed on o vivo antero-lateral orearm skin at 0, 3, 15, or 20m] pulse energy using twa sep-
arate laser Uips (spol size: M0 pm (CLE 350p@m (C51h at J-wall power. Immediately alter, LC-OCT and OCT imaging enabled
qualitative description ol microthermal reatment sone (MTZ) mor phalogy, as well a5 semiquantitative measurement of MTZ
diameter and ablalion depth.

Results: Ranging from nonablative subepidermal effects 1o frank ablation, imaging revealed a variety of MTZ morplologies
depending on pulse energy and laser tip. Al b 3m) pulse energy, elfects were genecally limited to the epidermis, with MTZs
consisting of subepidermal clells (C3) or disruptions through the viable epidermis (C1) under 3 residusl steatum cornewm. Rising
15-20m] pulse energies expanded thermal effects in the lateral and vertical plane, leading o wider MTZs (e.g., Cl: SmJ vs,
Ipml: 203 vs. 35T pm), mare exlensive stralum comeum iovalvemenl, and increasing ablation depth to the superlicial dermis
fe.g., C1: 3m) vs. 20ml- 93 v, 101 pm).

Conclusion: Visualized by combined LC-OCT and OCT imaging, FTL-tssue interactions are highly modifiable and span the
nanablative o ablative spectium depending on pulse enengy and Laser

Esaly Wiessinde and Kevin Facobmen contibubed egelly b the wark

This is an ogen eocoks Lmicle under the lerms of (B Ceeative Commoss Arributios Lioense, which permis use, disteibutios and repraduction in asy sediom,
provided Che ariginal work i properly cined

£ B2 5 T Susthoaiz) Mournal of Cogmerie Dermalofofy published By Wiley Periedstala LLC.

Faurmal af Catetic Dermalafogy, 125, T Tikle lol s
T e g DA T LET foed 00



1 | Introduction

The development al infrared fractional laser lechnology in the
beginning of the 2150 cenlury represents a signilicant milestone
in energy-based dermatological thesapy [1. 2], By emitting light
wirvelengths that are preleseniially absorbed by water in icrdiated
skin, these devices produce columns of microscopic thermal injury
wiile sparing surpounding lissaue. The nature of photothermal ef-
Fects is fnlluenced by a specilic laser wavelengih's water ahsarplion
coeflicient [3-5]. Lasers that emil Light more weakly absoshed by
wirler (eg., 1550nm) are traditionally categorized as “nonablative”,
sinoe their thermal effects are primarily coagulative and leave the
ulermnsl stratum eormeum (20 intacl. In contrast, de o higher
wialer absarption, “ablative™ lasers (eg., 2040 or 10600n0m) elfec-
Livedy waporize the superficial skin layers including the SC, keiving
varying degrees of residual, peripleral cosgulation [3-5]. The spec-
Lruem of micratherml elfects produced by these typical nonabilative
and ablative fractional devices is thus wide-ranging, As illustrated
in Figure 1, histodogical laser-lissue inleractions can range [rom
diserete dermnal of epidermal coagulation with complete preser-
vation of the SC (Figure 1AL o siriking full-thickness ablation
{Figure 1H)L Eifects ane forther modified by specilie laser setlings,
treatment regimens e, lser handpiece, stacking, and passes)y 6],
and skin tisswe charcterstics (Le., bydeation [7), analomic locs-
Lion [&], heahhy sersus diseased skin [9) elc).

Fractional lasers with new, allernative wavelengths are succes-
sively being introduced 1o maximize elficacy and improve side-
ellect profibes. Among them, the 1927nm fractional thulivm

fiber laser (FTL) is wsed vo treal pigment disocders [10-15], ple-
tdamage and aging skin |10, 16, 17). The samewhat intermedi-
ale 1927 nm wavelenglh is more greatly absorbed by tissoe water
than classic nonabluive (ractional lasers {NAFLS) (eg., 1540 ar
15350nm), bul markedly less than abfative wavelengths such as the
1600nm OO, laser [4, 18], Consequently, FTLs thermal effects
are mare superficial than MAFLs, primarily targeting the epider-
inial and superficial dermal compartnent, with bess impact on the
outermasl, dehydrated SC than ablative lractional lasess (AFLs)
[&]. As suchk, FTL has the potential o pradsce micrathermal ef-
fets at Lhe midpaint belween traditional NAFL and AFL specira.
Despile FTLs widespresd use in medical and cosmetic settings
bevwvever, lew published studies characterize the device's range ol
laser-lissue inleraclions in in vive human skin.

Characterization of laser-tissue interactions is taditionally
performed using histelogical analysis of ex vivo skin samples.
Although gold standard, hisiodogy & not withouwt limitatsons,
being an invasive nomreal-lime assesment requiring sample
processing that can resull in tissue shrinkage and distorion
[19-21]. In the last decade, several real-lime nonimvasive im-
aging eols have (herelore been introduced as allernatives 1o
histology. Amang them, optical coberence lamagraphy (OCT)
has emerged as a useful and rapid technigque for visualizing
lser-lissue inleraclions in vivo, capluring mosphodogy ol Luser-
generated microthermal treatment zanes (MTZ) and healing
owver lime [7, 22-24]. More pecently, line-liedld confocal OCT
{LC-DCT) was added 1o the imaging armamentasium lor an-
alyzing lasers’ immediate and therapeatic effects [25-27). The

FIGURE1 | Aspectrum of histological laser-tissue iberactions generated by traditional nonablabve and ablative fractional imfrared lasers. (&)
monaklative effect: Intact stratum cornewam, pariial disruephon of the viahle epidermis with subepidermal clefting, superficial dermal coagulation
{L350nm laser, 20mJ ). (B} Monablative effect: Indact stratum cornewm. partial disruption of the vighle epidermis with subepidermal clefitng. deep:
e dermal coagulation, coagulabed vessels (1550nm Laser, T0md L (8] Semiablative effect: Residual, thermally-impacted stratum corneum. scaftold.
ablation of the viable epadermis and superfcial dermis, thick cozgulation zone (10600 nm Laser, continucus wanee (CWL 10W L (1) Semiablaies)
ahlative effect: Disrapted siratwm corneum scaffold, ablaton of the vizhle epidermis and superficial dermis, thick coagulation zoee (10600 nm: laser.
CW, 21 (E} Ablative effect: Complete ablation of epedermal compartment inchading stratum cornewm. ablation within superficial and deep der-
neis, thick cozxgulation zome |10 &M nm laser, ultrapalse. 10m Ik (F) Ablatve effect: Compleie ablation of epidermal compariment including stratum
cormeum, #hlaton within soperficial and deep dermis, medium coagulation zone [10&H! nm laser, superpulse, Grmih (G Ablative effect: Complete
ahlation of epidermal compartiment incleding stratum corneam, ablatan withim superficial and middle deep dermis. medum coagulation zone
(L aDOnm laser, CW ) (H) Ablative effect: Complete ablation of epldermal compartment incleding stratum cornsum. ablation within superficial and
very deep dermis. thin o no coagulabion xone (10&MH nm laser, ulirmpulse).
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technology alfers an optical resolution supersos W OCT (-1 pm
vi, T.5upm), but with inferior depth penetration {0.5mm vs
L) [28]. Combined, the capabilities of OCT and LC-0CT jm-
aging may be complimentary, achieving adequate penelralion
dipth and histology-like visualization of skin layers ideal for
laser-Ligsuwe interaction evaluation. Thus, using the combined ca-
pabilities of LO-OCT and OCT imaging, this stwdy explored the
ramge of 1927 am FTL-tigsoe interactions produced by a variety
of pulse enesgies in in wive human skin.

2 | Methods
21 | Study Setup

FTL: range of laser-tissue interactions was investigated in
healthy in vive human skin using vwoe noniovasive imaging mo-
dalities. In practice, eight test sites {13 x 13 mm)on the anterolat-
eral forearm of an inlormed, oonsenting wdunteer (Fitzpatrick
skin wype 110 were expased 1o FTL al four different pulse ener-
gies uging tao different lasers lips. Using combined LC-0CT and
OCT imaging, resulling MTZ dimensions, morphologies, and
dynamic healing respanses were evaluated imemedistely, as well
as up to 30days alter FTL, respectively.

2.2 | Study Procedures

2.21 | Fractienal Thulium Laser

Laser ircadiation was performed vsing a 1972 nm FTL device
{LaseMD, Lutrenie, Seoul, South EKorea) with two ¢oimimer-
cially available lager tips {C1 or C5] in slatic energy modes.
The C1 raller-lip had a 200 pm spot size and a density of 100
spoedsfem?, whereas the C3 tip had a 350pm spaot size and a
density of 225 spotsicm®. Each of the eight lesl areas was ex-
posed Lo a single pass a1 0, 3, 15, or 20m) pulse energy al lixed
2i-whall (W) power.

222 | Non-Invasive Imaging

Al the designated time podnts, LC-0CT imaging was pertormed
by an experienced uwser wilh a CE-marked, commercially avail-
able, hand-held LC-OCT instrument {Deeplive, DAMAE
Medical, Paris, Franee), The system uses interferometry, confo-
cal flering, and a breadband light source centered a1 S00nm
wiavelenglh to oblain images with an estimated spatial resodo-
lion of LDpm. Scans wend acquired as three-dimensional (300)
images (Geld-olview af L2mm = 0.5mm = 0.5mm) enabling
visualization of twe-dimensional (200 images in the eross-
sectional and en-fece view [28].

OCT imaging was performed by the same investigator using a
commercially available CE-marked OCT system { VivasightDX,
Michelson Diagnostics Lid., Kent, UK) al a laser wavelength al
1305 am. The system has an axial resolulion of < 10pm, a la-
eral resolution afl < 7.5 pm and a penetration depth of 1mm [29].
A mublti-gliee modality, consisting of 250 B-scang, was applied
with OCT images {lield-of-view of fmm x fmm) presented in
both cross-sectional and em-face views. Tesl areas were also

documented by digital dermoscopy imapes, oblained using a
handheld dermatmeope (FotoFinder Handyscope, Folofinder
Svstems Gmbll, Bad Birnbach, Germany) attached 1o a somarl-
phane (Samsung Galaxy 521, 506G, Samsung Electronics GmbIl,
Schwalbach, Hesse, Germany).

23 | Laser-Tissue Interaction Evaluations

Range of laserlisswe interactions was assessed immediately
after exposure. For each FTL energy selting, qualitative descrip-
tion ol MTZ morphalogy was peclormed using bath vertical and
en-prce LO-0CT and OCT images. To supplement descriptions,
mean MTE diameter and -ablation depth (pm}were measuned by
one unblinded assessor in vertical LC-OCT images using a semi-
quantitalive approach with propriefary compuler-embedded
saltware (DAMAE Medical, Paris, France). Presented as means
and ranges, semigquantitalive assessments were based an a toetal
of 18 distinct MTZs examined in 24 LO-OCT images, represent-
ing 1 MTZs per intervention (C1 and C5 esch at @, 3, 15, Himl)
Specifically, MTZ diameter was measured al the width af thes-
mal denatwration a1 #s broadest point for each MTZ, while ab-
lation depth represented the distance between the deepest point
of FTL-induced cavitation/clell and the surface of the 5C. Due
tar lass al signalishadowing praduced by overlying thermally im-
pacted epidermal stroctures, assessment of MTES dermal com-
partment (i, MTZ depth), could not reliably be perforomed in
LC-OCT or OCT images.

In addition, the spatbemporal healing process follpwing FTL
was qualitatively described. using OCT and LC-OCT images
Laken at 1-, 4- 6k, 24k, as well as 7- and Wdavs post-laser at .
3, and Xhml.

3 | Hesulis

31 | HRange of 1927 Nm Fractional Thuliom Laser
(FTL}-tissue Interactions

Generally, FTLs microthermal effects were superficial, primar-
ily located in the epidermal and superlicial dermal compagt-
menis. Motable variation in MTZ morphology was ohaerved
depending on pulse energy and Lip selection, ranging from local,
subepidermal effects o frank ablation (Figures 2 and 3 AL low
iml pulse energy, the C1 laser tp created nacrow defects be-
ginning a1 the derma-epidermal junction (DET) and disropling
Uee viable epidermis {Figure X1 The overlaving SC scalfold, al-
though prossly intact, demansicated multiple microdisraplions
in its surlace shown in LC-0OCT images {Figure 3L Increasing
pulse energy expanded thermal damage laterally and peo-
foundly, increasing mean MTE diameter (3 mI vs, 20m1: 2135 v,
357 pma) and ablation depth waward the superlicial dermis (3 ml
vg 20ml: 93 v 100 pm) {Table 1).

A mare discrete epidermal impacl was Seen using the C3
lager tip afl low 3ml pulse energy. Accordingly, MTE: con-
sdsted of local subfintraepidermal elefis under an intact epi-
dermal compariment (Figure 2) and an oslensibly preserved
SC (Figure i) Like Cl, increasing puloe energy 1o 15-20ml
led to wider MTES (3mJ ve, Z20md: 230 va_ 433 pm) and deeper
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FIGUREZ | Vertcal OCT and LC-OCT images with supplementary graphical sllustrations of microthermal treatmend zones (M TZ) immediate
Iy after 1927 nm fracitonal thuliam fiker laser exposure at low (3mA) and kigh (20m]) pualse epergy with tao different laser tips (C1 and £5). OCT

images show gross morphology of muliple MTES (yellow circlesy LC-OCT images depict single MTE's in high resalution idashed vellow lines)
Grraphical dlustraitons of MTE'S observed in LOC-(WCT tmages are illusirated as single MTZ s representing thermally impacted tissue larangs) with
cepitral ahlation defects (hlueh ©1 laser tip: A1 3ml, incemplete removal of the epidermal compartmend is seen with perforation of the viable epider
muis aned residual, intact stratwm corneum; 2t 20ml. increased thermal impact with expanded ablatwon of the epidermal compartment. C5 Laser tipe At

Am, focal subepidermal clefting is seen under a preserved epidermis; at 20mJ, widensd and deeper MTE with complete poration of the epidermis

ablation (3ml] ve, 20ml: 75 vs. 115pm) (Table 1)1 In addi-
lin, compared to low palse energy, a greater superlicial epi-
dermal impact was also observed, with a minority of MTZs
1 10D displaving Irank poration through the epidermis/SC
resembling that ol AFL-produced microsoopic ablation somnes
iMAZ){Figures 2 and 3).

Directly comparing laser Lips, a greater range in MTZE morphod-
oy was ollered by the C3 Lip, as it generated discrere subepd-
dermal clefts as well as lull epidermal poration depending on
increasing pulse energy (Figures X and 3). The C1 tip, on the
olher hand, produced narrower MTZs than O35, shown condis-
lently at low to high pulse enecgy (e.g., C1 v O mean X113 va
2i0pm(Amlje 357 we 433 pem {20m] ) { Tabde 1)

3.2 | Post-Laser Healing

[Musirated in Figure 4, a similar bealing patiern was observed
in all lager-treated sites. Immediately alver FTL, MTZs were
spen chearly on LO-0CT and OCT images, Over Lhe following
fily, ablation delects began to L with material, visualized using
LC-0CT as a graving of the hy porellective cavity | Figure 40 1)
Al 24h, epidermal dismuptions had reepithelialized with in-
wardly migraling keralinocyles creating an epidermal “bridge”™
i Figure 40 under newly formed microscopic epidermal mecrotic
deebris { MEN D= Figare 40,05 [30]. A day 7. MEND: displayed

progressive upward extrusion lowards the skin surface on LT-
OCT {Figure 4E KL Thirty days post-FTL, the epidermasl com-
partment appeared normalized. with focal deemal remsodeling
ridd under areas where MTZS had lormerly been identilied
{Figure 4F, L)L

4 | Discussion

Understanding energy-based devices” range ol tlissue inlerac-
Lions is integral 1o targeling the right gkin compariment, opti-
mizing treatments, and taking full advantage ol a given device.
In this investigation, LC-0CT and OCT were used Lo nonim-
sivedy characterize s range of FTL-lisgoe interactions in in vive
erman skin, Imaging demoenstirated nolable variation in FTLs
microthermal effects depending on pulse energy and laser tip
sedection. FTL al loaw pulse energy (3ml) produced MTZS that
either consisted ol subepidermal clelis (C3) or delects that ex-
tended through the viable epidermis {C1), cainciding with a
spared or only microdisrupted 5C, respectively. Increasing pulse
energy (15-20mI) generally produced wider MTE diameters and
somewhat deeper ablation to the superlicial dermis for both tips,
wilh some MTES demonstirating a lully perforated SC. These ob-
servalions challenge the commaon characterization ol FTL a8 an
exclusively nonablative device, since nod anly focal effects at the
DET bl alse semiablative and even AFL-like perlocation of the
SC are possible depending on parameler selection.
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FIGURE3 | Erfece DCT and LE-OCT images of the skin surface and microtbermal treaiment zones {MTEZ) generated by a 1927nm Fracticnal
thulwarm fiber laser with low 12mA) and high (20hmd) pulse erergy with two different 1ps (C1 and C5) a5 well as supplementary dermascopy Images.
OCT and LC-0CT tmages are captured at ibe surface of the stratum corneum (801, C1 laser tip: At 3 md, microdisruptions in the 5C architectuare are
seen particularly in LOOCT images cormesponding to MTEs; at 20md, area of SC disruption expands laverally, forming circular depressions i the
surface seen on LOOCT. CS laser tips At 3ml, nodbermal impact detected on OCT or LE-OCT at the SC surface; at 200mil, a subset of MTZE demon
strates full poratson of the 5C surface, detected using both imaging modalities

TABLE 1 | Semi-guantitative line-field confocal opical coherence
tomography | LC-OCT e based measuremend of microibermal treatment
zone {MTZ] diameter and ablabon depith generated by fracional
thulmam fiber laser.

Pulse MTZ Diameter Ablation

Tip  Energy{mI) (jem)* Depth (pm)*
Cl i 213 [ MM-23%0) 93 [90-95)
15 F53{350-335) Qo E7-111)

20 I5T {350-370) 101 (100-103)
5 3 20 (D250 75 (M-T9)
15 421 [420-42d) Q0{Te-101)

20 4335 [420-450) 115(111-12K

*Dana prisenied a8 means and sanges, bised on seasiresent of thees datinet
MTEs per pulse encagy (i = 33

Crwr findings highlight the broader poing that seiling selection,
including pulse energy. can powerlully modily the miceotherinal
elfects al a given laser. Cestainly, a spectrum of MTE maos phol-
ogies can also be generabed by olther ractional inlrared lasers
an gentle or aggressive seilings (Figures 1 and 3b For the FTL
studied here, cur lindings suggest a microlthermal spectrum thal

spans the ponablative to ablative range, including semiablation
i, disruption of the residual 5C scallold and subcosneal tissae
vaporizalion and even lull MAZ-like portion (though only a
subsel < 1% of O35 MTZs al maximum pulse energyh The FTL
is nol wakgue in this regard; 2 similar phenomenon of different
rvnablative and ablative effecis is also described lor other witler-
Largeling lasers, aswell as for 1064 and 332 nim picosecand lasers
depending on pulie energy [31, 32]. Such evidence highlighis
Lhat o ane dimensional charaeterizalion of a device as “nonabla-
Livee ™ or “ablalive” runs the visk of over-samplification. Generally,
laser syslems should not be understood as “one-trick panies™.

Mirroring our imaging resulis, previous histological analyses
describe FTL: wide and superficial MTZs with well-defined
intraepidermal or subepidermal elelling over an 5C scallald
[33-35]. Although some studies supgest that the upper epider-
s pemains intact, our Gndings indicate that distruction of the
viable epidermis is possible even at low pulse energy [ Figune 2,
Fml, CU tip). These shallow but semi-ablative epidermal elfects
explain wiy 1927 nm Lasers are well-suited for treating epides-
mial and DET processes, including actinie keratoses [3, 17] and
wirriois pigement disorders [10-15) Our images lupthermore dis-
play alternative lorms of ablation that, while leading w los of
underlying skin isue, do oot resull in 5C removal (Figures 1C
and I
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FIGURE 4

MTZs are capbored in LC.()C T images.

Intriguingly. thermal impact of the SC was detected will mast of
the applied settings in this FTL study. Indeed, en-fee LE-OCT
imaging revealed microdisruplions ol the 5C surfacoe even at oy
pulse energy { Figwre 3, 3 ml, C1 dpiihat were noldetected by OCT.
This linding is suppoeried by two studies of 1927 nm laser-Lissue
interactions thal used scanning electron microscopy: al low pulse
energy (A-3mlk; 5W), these studies also observed “muliipde, small
round hales in the 8C surlace”, interpreted &8 1oriwous microgo-
res generatid by waler vaporization [33, 36]. AL high 20 m] pulse
energy, MTZ: presented on the SC surface as dellated “daorme-
shaped papular ones” [33] These lindings bear striking resen-
Mance to the circular SC depressions seen in en-joce LC-0OCT
images in our siedy (Figure 3, C1). The linding that FTL impacts
the structure al the SC i clinically important. In dermatological
sEllings, 1927 nm devices have been used for lapical lases-assisied
drug delivery (LADD) in the context al photedynamic therapy
[#5], treatment of melasma [37, 38], phatoaging and hair loss [33].
These drug delivery studies illustrate FTLS functiona! disrapiion
of the skin barrier. Correspondingly, owr images clearly visualize
examples of 20 microchannels, as well as ablation ol the viable
epidermis and superlicial dermis, unders pinning why the 1927 nm
FTL has a broader range al madiliable lagser-isoe interactions fos
LADD compared o classseal NAFLg, which traditionally are pri-
marily coagulative and leave the SC fntact [18, 39, 40, Given that
thulivm parameter aplimization for LADD largely depends on
SC disruption, we expect augmented drug delivery even al loaver
FTL sellings, based on microdisruptions in the 5C architecture
ehserved in owr study ab 3 md pulse energy. Howeser, Lhese effepcts
may vary depending on anatomical sive, sKin hydration, and dis-
eage slales, which affect 5C thickness [41).

In the lierure, FTLs thermal penetration depth (Le. MTZ
depth) i gererally guoted as 200-300 wm, reaching the papillary
or superficial dermis [12, 16, 42). Since the image qualily needed
Ly precisely measure dermal denaturation (e, MTE depih)
wias ol provided by LO-0CT or OCT in this study, we instead

Spatiotemperal bealing patterns afier 1927 nm fractional thulmm fiber Laser exposure wiith high (20m0] pulse erergy with twoe dif
ferend fips (1 and C5) presented with dermnscopy and LC-OCT images {vertical and en feee) Al exch time point, different and oaccasionally multiple

determined FTLS ablaliondidefling depth. Using LC-0CT, we
lound maximuom mean depths of 101 and 115 pm for C1 and C3
Lips, respectively. The cormesponding MTE depth is expected Lo
b 1{R-2000 ey deeper, based on a previous histological repart
that specilically measared dermal penetration of FTL [34]. Our
imaging-based reswlis thus alipn well with available histological
evidence on FTL. The relationship between ablation depth and
pulse energy showed a dillerent patern than is typical lor olkber
[ractional infrared lasers [21, 43]. A study of the 1540nm Liger.
lor example, baesd that a 0ml increase in pulse energy en-
hanced penetration deplh with a Gactar al 1-150pwm [43]. This
linear depth-lo-enengy profile was nol obsersed in oar stody and
is congistent with other reports on FTL systems |3, 6, 35, 4],

Dypamic wound bealing lodlowing FTL exposure &5 described
in two previows histolegical studies [33, 36). Generally, MEND
lormation is seen ane day posi-lager, with complete epidermal
reepithelization eccurring a1 1-3days [36). By day 7, MENDs ap-
pear toward the 5C surlace and are later extoliated, while clells
trermain visible al the DET [33, 36]. Dermal maodeling is ongoing
thraug el the pracess. In our study. each ol thess spatiotempo-
ral phenarmena were sccurately caplured by combined LC-0CT
and OCT imaging {Figure 4). The imaging maodalites thos ap-
peear Lo be useful alternatives W histedogy lor real-lime assess-
ment ol superlicial healing responses post-laser.

Crverall, the study revealed various strengths and weaknesses
of LC-0CT aned OCT pechnolagies. Among LC-OCT S sirengihs
was Lhe modalitys high resolution, which enabled semi-
guantitalive measurement of MTE dimensions, clear visualiza-
tion of MTE morphology including 5C architecture, as well as
spatidemporal healing, Weaknesses of LC-0CT were, bowever.
iLs sensilivity 1o imaging shadewing produced by overlving
thermally-impacted epidermmal siructweres {i.e., which precluded
accurate measurement of MTE depth using the propieraty soll-
ware), as well as ivs insbility s visualize mare than 1-2 MTZs al
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FIGURE 5 | Hange of lasertissue ineractions produced by a
10edli nm ablative fractional OO0 laser at gentle and aggresse setiings.
1) msrupted residual stratam cormeum scaffald, dslation of the saperfi
izl dermis with a thick surrounding coagulation zone (chapped conting
ous wave, 00002 Iispot, &ms, 20%W ). (] Complete ablaton of epidermal
comparimend, superficial: and very deep dermis with a thin surmourd-:
ing coagulation mone (superpalse mode, 1151 spot, 3ms, &0W ).

a lieme. OCT. on the other band, offered an overview aof the laser
grid quickly and with visualization of mulviple MTZs simuliane-
ously, Since OCT's resolution was lower, bowever, asessment of
SC integrity was limited and measurement of MTZ dimensions
deviated from LO-OCT-derived resulis (data ot shown).

The study has some limitations, FTL-ssae inleraclions were
asgessed in s single individual, in ase anatomical localion (fe.,
forearm), and LO-OCT measurements were based an only thiee
MTZs. While no stedies o date have utilized LC-0CT for ceal-
Lime wisualization ol lser-tissue inleractions in in vive buman
skin following thulium laser application, il is important Lo
consider that a larger sample size amd inclusion of additional
anatemical regions (such as the face) could impact the gener-
alizability of our [indings, Moreover, a side-by-side compar-
izon between LOC-OCT imaging and histology was oulside the
sopge of the present study. For relerence, we have previously
demonstiated corresponding intrsepiderimal clelling and stra-
Lun earpeum dissuplion in OCT and histological sections fbam
the same area in parcine skin using similar 1927nm parame-
ters [35]). Rather than examining the Jull range af FTL elfects
varying nod anly pulse enecgy bul power, we elected o exam-
P i single pass an fixed 20, This maximal power setting may
nol be typical for treatment of some indications. Furlbermone,
different MTEs were assessed in LC-0OCT images al each time
podnt, introducing some uncertainty due 1o biological variation
in microthermal eflecis. Study strengths, on the olber hand, in-
cluded the muliiple pulse energies and limepoinis examined,
providing a picture of the range ol dynamic FTL-lissue inter-
actions at high power in the in vive setting, The multimodaliny

approach of combining LC-0CT, OCT, and dermoscapy allwed
for shservations detected by one technigue o be verified by an-
other, such as MEND location of 5C pacation,

5 | Conclusiom

Visualized by OCT and LC-OCT imaging. FTLs microthermal
elfects are highly modifiable with tee potential bor focal sub-
epidermal cleflting as well as more extensive disruption of the
viable epidermis and stratum comewm. As such, rather than
categorizing FTL as an exclusively nonablative laser, FTL may
b miore accurately described as a semi-ablative device capahble
of MAFL- and AFL-like effects, depemding on setting- and laser
Lipy s lecticim.
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