Randomized, Controlled Trial of Fractional Carbon
Dioxide Laser Resurfacing Followed by Ultrashort
Incubation Aminolevulinic Acid Blue Light Photodynamic
Therapy for Actinic Keratosis
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BACKGROUND Aminolevulinic acid (ALA) photodynamic therapy (PDT) is an established treatment option
for actinic keratosis (AK), and recently fractional carbon dioxide (CO,) laser was shown to improve outcomes;
but studies of short incubation photosensitizer are lacking.

OBJECTIVE Assess the efficacy of short incubation ALA followed by blue light PDT with and without previous
fractional CO, treatment for the treatment of AK.

METHODS Randomized, paired split-design, controlled trial of fractional CO, followed by ultrashort 15-
minute versus 30-minute incubation ALA and blue light PDT for the treatment of AK on the face.

RESULTS The complete clearance rates (CRs) at 8 weeks after ALA PDT with and without FxCO, at 30- and 15-
minute ALA incubation times were 89.78% (+FxCO,) versus 71.20% CR (—FxCO,) at 30’, and 86.38% (+FxCO,)
versus 69.23% (—FxCO,) at 15’ ALA incubation. All lesion improvements were statistically significant.

CONCLUSION This randomized, comparative paired group controlled clinical study demonstrates that
ultrashort 15- and 30-minute incubation ALA PDTs are of limited efficacy for the treatment of AK. Pretreatment
with fractional ablative resurfacing yields statistically significant greater AK clearance with ALA-PDT at ultra-
short ALA incubations followed by blue light.

DUSA provided the Levulan kerastick and DEKA Medical provided statistical analysis support for this research
project; the remainder was self-funded. The author has received research funding in the past from both companies.

he risk of progression of actinic keratosis (AK) to

squamous cell carcinoma (SCC) is significant.
Previous reports indicated a 10% progression per
decade, and a recent study has shown a 0.60% AK to
SCC progression at 1 year and 2.57% at 4 years, with
65% of primary SCCs arising in previously diagnosed
AKs.! However, a recent systematic literature review
reported that progression rates of AK to SCC ranged
from 0% to 0.075% per lesion-year, with a risk of up
t0 0.53 % per lesion in patients with previous history of
nonmelanoma skin cancer.? AK lesion clearance rates
(CRs) on face and scalp after 20% aminolevulinic acid
(ALA) solution at 14- to 18-hour incubation and blue
light at 10 mW/cm? for 1,000 seconds have been

reported at 88% at 8-week follow-up and 89% at
3-month follow-up.** The long-term CR after 2
treatments for AK on the face or scalp was 78 % at 12-
month follow-up.’ The side effect profile at these long
incubation times have included burning discomfort
during treatment and postprocedure edema,
erythema, and crusting. In addition, long incubation
times have made ALA photodynamic therapy (PDT)
time-consuming for the patient and clinician.

Research has been conducted to shorten ALA incubation
times. A recent study of the kinetics of PpIX accumula-
tion in AK after topical ALA application demonstrated
that PpIX concentration was statistically higher than

*Department of Dermatology, Yale University School of Medicine, New Haven, Connecticut; TDermatology and Laser

Surgery Center, New York, New York

© 2017 by the American Society for Dermatologic Surgery, Inc. Published by Wolters Kluwer Health, Inc. All rights reserved.
ISSN: 1076-0512 o Dermatol Surg 2017;0:1-12 e DOI: 10.1097/DSS.0000000000001117



FCO, LASER AND ULTRASHORT INCUBATION ALA-PDT FOR AK

baseline in 92 % of lesions by 1 hour and 100% of lesions
by 2 hours, and that PpIX levels were also elevated in
areas of normal-appearing nonlesional skin.® A thera-
peutic fluence (10 J/cm?) of blue light was applied to
lesions 2 hours after ALA application, and 1 month after
treatment, the vast majority of AKs resolved.® Data from
other studies with similar short incubation times also
appeared efficacious for AK treatment.””” Reported AK
CRs after 1 hour of ALA blue light for AK were 80% at
4-week follow-up’; 90% AK CR at 5-month follow-up®;
and most recently, 68% AK CR at 12 weeks.” These
studies suggest that ultrashort incubation times may also
yield adequate efficacy of AK clearance.

Another factor impacting PDT CR is the degree of
hyperkeratosis, where inferior treatment outcomes are
thought to be due to limited penetration depth of the
photosensitizer and a diminished PDT response to the
deeper aspect of the AK. Options for increasing pho-
tosensitizer drug delivery have included occlusion of the
skin, chemicals that disrupt the stratum corneum bar-
rier, iontophoresis of charged drugs, ultrasound dis-
ruption of stratum corneum, microneedle puncture,
curettage, tape stripping, and microdermabrasion
techniques, which may increase the ALA/methyl ami-
nolevulinate (MAL) bioavailability in the deep skin
layers.'® Recently, fractional ablative lasers have been
applied with success to augment photosensitizer deliv-
ery and AK CR; however, the vast majority of these
studies have been with MAL PDT."""'¢ Only 1 study
examined pretreatment fractional CO; laser and 90-
minute incubation ALA with red light.'® With a dearth
of previous data evaluating the impact of fractional
ablative laser pretreatment on ALA blue light PDT, the
goal of this study is to examine the effects of fractional
CO, laser resurfacing (FxCO,) on ALA blue light PDT
AK CR atultrashort incubation times of 15" and 30’. In
this randomized, blinded, paired-design, controlled
clinical trial of FxCQO,-assisted ultrashort incubation
ALA PDT for the treatment of AK, increasing photo-
sensitizer delivery serves to increase ALA-PDT efficacy
and shorten ALA incubation times.

Patients and Methods

A comparative paired group design was used comparing
ALA-PDT to FxCO,-ALA-PDT in a split-face compar-
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ison and 2 treatment arms of 10 subjects each, com-
paring 15- and 30-minute ALA incubation (Figure 1).
The 4 treatment arms were with fractional CO, (+Fx)
and without fractional CO, (—Fx) at 30-minute (30") or
15-minutes (15’) ALA incubation times (Figure 1).
Verbal and written informed consent regarding the
potential benefits and risks of the procedure was
obtained from each subject. Subjects were informed that
the treatment is part of a protocol and that the combi-
nation of topical 5-ALA solution with the blue light and
fractional CO, laser resurfacing were each approved by
the Food and Drug Administration (FDA), although it
had approved both for use independently. Subjects were
informed that application of ALA at short 15- and 30-
minute incubations were off-label, as the labeled use is
a 14- to 18-hour overnight incubation.

Each AK lesion was photographed, numbered, and
mapped at baseline. Since each subject was required to
have at least 4 AK lesions per side for enrollment, each
split-side of face for each subject was randomly
assigned to treatment with ALA-PDT or with FxCO,-
ALA-PDT, using alternate randomization (allocation
1:1). AK lesions pretreated with FxCO, before ALA-
PDT were categorized as the FxCO,-ALA-PDT group,
and AK lesions treated with ALA-PDT alone defined
as the control group (ALA-PDT group). The lesions
were cleansed with saline-soaked gauze followed by
acetone before treatment. For all groups, lidocaine/
prilocaine (5%) cream (EMLA; Astra Pharmaceut-
icals, LP, Westborough, MA) was applied to the entire
treatment area for 30 minutes. After the anesthetic
cream was removed, FxCO; resurfacing was

Randomized,

Split-Face ALA-PDT v. FxCO,
ALA-PDT

15 min ALA 30 min ALA
10 subjects 10 subjects

Figure 1. Study design. A comparative paired group
design was used comparing aminolevulinic acid (ALA)-
photodynamic therapy (PDT) to FxCO,-ALA-PDT in a split-
face comparison and 2 treatment arms of 10 subjects each,
comparing 15- and 30-minute ALA incubation.



performed using a 10,600-nm CO, fractional laser
(Smartxide DOT; DEKA Medical, DEKA M.E.L.A.S.
r.l, Calenzano Fl, Italy) ata 20 W, 300-pm microbeam
diameter, 550-pm dot spacing and 700-ms dwell time
at a single pass to the randomized side. These settings
correspond to an approximate 300-u penetration
depth and a treated surface area of 27%. Immediately
after FxCO, treatment, 20% ALA (Levulan; DUSA
pharmaceuticals, Wilmington, MA) was applied to all
lesions in 2 coats and on 5 mm of surrounding normal
tissue. After incubation for 15 or 30 minutes depend-
ing on the treatment arm, the area was irradiated with
blue light (Blu-U; DUSA pharmaceuticals) for 1,000
seconds (16 minutes 40 seconds). All patients wore
protective goggles during illumination.

Clinical Assessments

To evaluate the response to therapy, all patients were
followed up at 4 and 8 weeks following 1 treatment.
The investigator conducted all safety evaluations and
investigator-assessed efficacy evaluations. A blinded
evaluator determined the response to treatment using
the efficacy evaluations detailed below at the 8-week
follow-up interval.

Efficacy

Primary Endpoints

The primary end point was the AK CR. The CR was
evaluated by inspecting, photographing, and palpat-
ing each lesion (in accordance with the guidelines of
Olsen and colleagues), and classified as either com-
plete response (complete disappearance of the lesion),
or noncomplete response (incomplete disappearance
of the lesion). The CR was calculated as the percentage
of lesions with complete response over baseline.

Secondary Endpoints

The secondary end point was the cosmetic outcome,
which was assessed 8 weeks after treatment by patient
and investigator, and graded as excellent (slight red-
ness and significant pigmentation improvement), good
(moderate redness and moderate pigmentation
improvement), fair (slight-to-moderate scarring,
atrophy, or induration and no pigmentation
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improvement), or poor (extensive scarring, atrophy,
or induration and pigmentation worsening).

Photography

Digital photography Nikon SLR 300S in identical set-
ting and lighting baseline, 1, 4, and 8 weeks. Baseline
and follow-up front, and right and left lateral digital
photographs were taken in the same photography room
with identical lighting conditions by the investigator
using a Nikon SLR 300 S and Nikkor 85 mm lens at ISO
800, 1/250 seconds, and aperture 4.0.

Safety

Safety assessments were performed immediately pos-
tillumination, and at each follow-up interval. Pain was
assessed using the visual analog scale (VAS) and graded
from 0 (no pain) to 10 (the worst pain imaginable). The
local skin reaction was classified as mild (transient and
easily tolerated), moderate (caused patient discomfort
and interrupted usual activities), or severe (caused
considerable interference with usual activities and may
have been incapacitating or life threatening).

Erythema/Dyspigmentation/Adverse
Events Assessments

Erythema and hyperpigmentation intensities, and any
other adverse events were assessed clinically by the
investigator 1, 3, and 7 days post-treatment and at
4- and 8-week follow-up.

Statistical Analysis

To investigate the efficacy of FxCO,-PDT in treating
multiple facial AKs, the authors analyzed the differ-
ences in response, cosmetic outcomes, and local adverse
events between the FxCO,-PDT and ALA-PDT groups
at15-and 30-minute ALA incubations, respectively. All
statistical analyses are performed using the Statistical
Package for Social Sciences software (version 18.00;
SPSS, Inc, Chicago, IL). The categorical variables were
analyzed using Pearson’s chi-square test and Fisher
exact test, and the continuous variables were analyzed
using one-way analysis of variance and the Student # test
and Wilcoxon sum-rank test. A p value <.05 was con-
sidered statistically significant. The sample size with

a 95% confidence interval and a margin of error of 8
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TABLE 1. Patient Demographics and Lesion Counts

15 min ALA, 15 min ALA, 30 min ALA, 30 min ALA,
+FxCO, —FxCO, +FxCO, —FxCO,
Mean (SD) age 64.20 (10.53) 65.10 (11.20)
Mean (SD) baseline actinic 25.70 (15.36) 24.70 (17.03) 18.60 (9.86) 19.10 (11.09)

keratosis count

ALA, aminolevulinic acid; SD, standard deviation.

was calculated at 150. In this study, the number of
lesions in each study arm were: 186 (+Fx 30'), 191
(—Fx 30'), 257 (+Fx 15"), and 247 (—Fx 15").

Results

Patient Demographics

The mean (SD) age and baseline number (SD) of AK
lesions for each randomized group and for each ran-
domized side are shown in Table 1. Mean Age (SD)
was 64.20 (10.53) and 65.10 (11.20) in the 15- and
30-minute incubation groups, respectively. AK counts
at baseline were also comparable between the 2 ran-
domized comparable paired groups and the 2 treat-
ment arms (Table 1).

Efficacy

Actinic keratosis lesional clearance was classified as
either complete response (complete disappearance of

(A) (B)
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the lesion) or noncomplete response (incomplete dis-
appearance of the lesion). The CR was calculated as
the percentage of lesions with complete disappearance
at follow-up interval over baseline.

The complete CRs at 8 weeks after ALA PDT with
and without FxCO, at 30- and 15-minute ALA
incubation times were 89.78% (+FxCQO,) versus
71.20% CR (—FxCO,) at 30’, and 86.38%
(+FxCO,) versus 69.23% (—FxCO,) at 15" ALA
incubation (Figure 2A and Table 2). All lesion
improvements were statistically significant (Table 2).
Actinic keratosis CR at 4-week and 8-week follow-up
was statistically significant for each one of the 4
groups of subjects (Table 2, A-D). Marked statistical
significance of improvement was observed by 4-week
follow-up for both groups of patients treated with
+FxCO; laser irrespective of incubation time (Table
2, A and C). Statistical significance of improvement
was much greater for both groups of subjects treated

(©

100%
90%

80%

—  WFX&-Fx30  50% | = Ahaaae

— +Fx & -Fx 15 -Fx 15 & 30

Baseline 4-wk follow-up  8-wk follow-up

Figure 2. Comparison of actinic keratosis (AK) clearance rate (CR) at baseline and 4- and 8-week follow-up from photodynamic
therapy (PDT) at 15- and 30-minute incubations with and without FxCO,. (A) Comparison of AK CR for all treatment arms at
each follow-up interval. The highest AK CR was for FxCO, 30-minute aminolevulinic acid (ALA) incubation PDT followed by
FxCO, 15-minute ALA incubation, no FXCO, 30-minute ALA incubation and no FxCO, 15-minute ALA incubation. (B) Com-
parison of 15- and 30-minute ALA incubation times irrespective of FxCO,. Minimal difference was noted between the 2
incubation times when grouped. C. Comparison of +FxCO, versus —FxCO, groups irrespective of incubation time. The +FxCO,
group yielded a higher AK clearance rate as compared to —FxCO, when both incubation times were grouped.
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TABLE 2. Actinic Keratosis Clearance Rate at 4- and 8-Week Follow-Up After ALA Photodynamic Therapy

With and Without FxCO, Laser Resurfacing at 30- and 15-Minute ALA Incubation Times

A. +FxCO, and 30 min ALA Incubation Time

+FxCO, @ +FxCO, @ 30 min—4-wk +FxCO, @ 30 min—
No. of Lesions (10 Patients) 30 min—Baseline Follow-Up 8-wk Follow-Up
Mean 18.60 2.50 1.90
SD 9.86 2.33 1.45
Total 186 25 19
Improvement, % 0 86.55 89.78
t test: follow-up vs baseline — p < .0005 p < .0005
Wilcoxon rank-sum test: follow-up — p < .005 p < .005

vs baseline

B. —FxCO, and 30 min ALA Incubation Time

—FxCO, @ 30 min— —FxCO, @ 30 min—4-wk —FxCO, @ 30 min—8-wk

No. of Lesions (10 Patients) Baseline Follow-Up Follow-Up
Mean 19.10 6.20 5.50

SD 11.09 5.33 4.20
Total 191 62 55
Improvement, % 0 67.53 71.20

t test: follow-up vs baseline - p < .001 p < .005
Wilcoxon rank-sum test: follow- — p < .05 p<.01

up vs baseline

C. +FxCO, and 15 min ALA Incubation Time

+FxCO, @ 15 min— +FxCO, @ 15 min—4-wk +FxCO, @ 15 min—8-wk

No. of Lesions (10 Patients) Baseline Follow-Up Follow-Up
Mean 25.70 3.50 3.50

SD 15.36 4.70 4.92
Total 257 35 35
Improvement, % 0 86.38 86.38

t test: follow-up vs baseline — p < .0005 p < .0005
Wilcoxon rank-sum test: follow- — p < .005 p < .001

up vs baseline

D. —FxCO, and 15 min ALA Incubation Time

—FxCO, @ 15 min— —FxCO, @ 15 min—4-wk —FxCO, @ 15 min—8-wk

No. of Lesions (10 Patients) Baseline Follow-Up Follow-Up
Mean 24.70 8.90 7.60

SD 17.03 7.96 6.99
Total 247 89 76
Improvement, % 0 63.96 69.23

t test: follow-up vs baseline - p < .005 p < .005
Wilcoxon rank-sum test: follow- — p < .05 p < .05

up vs baseline

Statistical significance of improvement at 4-week and 8-week follow-up per incubation time.

+FxCO,, with fractional CO, laser resurfacing; —FxCO,, without fractional CO, laser resurfacing; ALA, aminolevulinic acid; SD, standard

deviation.
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with FxCO; laser (regardless of incubation time) than
for both groups of subjects not treated with FxCO,
laser (regardless of incubation time) (Table 2, B and
D). The differences in AK between the +FxCO, and
—FxCO, cohorts treated at 15-minute ALA incuba-
tion were statistically significant at 4-week and 8-
week follow-ups (Table 5, A). The differences in AK
CR between the +FxCO, and —FxCO, cohorts
treated at 30-minute ALA incubation were also sta-

tistically significant at 4-week and 8-week follow-ups
(Table 5, B).

Comparison of the +FxCO; and —FxCO, cohorts
irrespective and grouping of subjects treated at
both ALA incubation times demonstrated statisti-
cally significant greater improvement for the
+FxCO,; (15 and 30 minutes) cohort at AK CR of
86.45% and 87.81% at 4- and 8-week follow-ups,
respectively, as compared to 65.52% and 70.09%
for the —FxCO, (15 and 30 minutes) cohort,
respectively (Figure 2B and Table 3, A and B).

Marked statistical significance was observed for
both groups (Table 3, A and B).

Comparison of the 15- versus 30-minute ALA incu-
bation time cohorts, irrespective of antecedent
FxCO, treatment, demonstrated 76.92% and
80.37% AK CR at 4- and 8-week follow-ups,
respectively for the 30" ALA incubation cohort (Fig-
ure 2C and Table 4, A); these values were 75.39%
and 77.98%, respectively, for the 15’ ALA incuba-
tion cohort (Table 3, B). Although the AK CR for
each cohort was highly statistically significant, there
was not statistically significant difference between the
different incubation times, whether or not FxCO,
treatment was administered.

Cosmesis

The degree of cosmetic improvement in photoaging
at 8 weeks was rated higher on the FxCO,-treated
side in all subjects. The average rating was excellent

TABLE 3. Comparison of Actinic Keratosis Clearance Rate From ALA Photodynamic Therapy With and

Without FxCO, Laser Resurfacing

A. Statistical Significance of Improvement at 4- and 8-wk Follow-Up. +FxCO, Regardless of Incubation Time

No. of Lesions
(20 Patients)

+FxCO, @ 15 and
30 min—Baseline

+FxCO, @ 15 and 30 min— +FxCO, @ 15 and 30 min—

4-wk Follow-Up 8-wk Follow-Up

Mean 22.15
SD 13.38
Total 443
Improvement, % 0

t test: follow-up vs baseline -

Wilcoxon rank-sum test: —
follow-up vs baseline

3.00 2.70
3.74 3.72
60 54
86.45 87.81
p < .0001 p < .0001
p < .0001 p < .0001

B. Statistical Significance of Improvement at 4- and 8-wk Follow-Up. —FxCO, Regardless of Incubation Time

No. of Lesions
(20 Patients)

—FxCO, @ 15 and
30 min—Baseline

30 min—4-wk Follow-Up

—FxCO, @ 15 and —FxCO, @ 15 and

30 min—8-wk Follow-Up

Mean 21.90
SD 14.64
Total 438
Improvement, % 0

t test: follow-up vs baseline =

Wilcoxon rank-sum test: —
follow-up vs baseline

V255 6.55
6.90 5.86
151 131
65.52 70.09
p < .0001 p < .0001
p < .0001 p < .0001

ALA, aminolevulinic acid; SD, standard deviation.
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TABLE 4. Comparison of Actinic Keratosis Clearance Rate From ALA Photodynamic Therapy at 15- Versus

30-Minute ALA Incubation Times

A. Statistical Significance of Improvement at 4- and 8-wk Follow-Up. All Patients with 30 min Incubation Time,
Regardless of Tx Method

+FxCO, and —FxCO, @
30 min—Baseline

No. of Lesions
(20 Patients)

+FxCO, and —FxCO, @
30 min—4-wk Follow-Up

+FxCO, and —FxCO, @
30 min—8-wk Follow-Up

Mean 18.85

SD 10.49

Total 377

Improvement, % 0

t test: follow-up vs —
baseline

Wilcoxon rank-sum test: -
follow-up vs baseline

4.35 3.70
4.51 3.62
87 74
76.92 80.37
p < .0001 p < .0001
p < .0001 p < .0001

B. Statistical Significance of Improvement at 4- and 8-wk Follow-Up. All Patients with 15 min Incubation Time,
Regardless of Tx Method

+FxCO, and —FxCO, @
15 min—Baseline

No. of Lesions
(20 Patients)

+FxCO, and —FxCO, O @
15 min—4-wk Follow-Up

+FxCO, and — FxCO, @
15 min—8-wk Follow-Up

Mean 25.20
SD 16.22
Total 504
Improvement, % 0

t test: follow-up vs —
baseline

Wilcoxon rank-sum test: -
follow-up vs baseline

6.20 5155
7.07 6.38
124 111
75.39 77.98
p < .0001 p < .0001
p < .0001 p < .0001

Improvement at 4-week follow-up and 8-week follow-up is greatly statistically significant, for each 1 of the 4 groups of patients.

Great statistical significance of improvement by 4-week follow-up for each group of subjects (i.e., regardless of incubation time and Tx

method).
ALA, aminolevulinic acid; SD, standard deviation.

on the FxCO, side and good on the ALA PDT side.
No incidence of scarring or worsening of pigmenta-
tion was observed. Photographic examples of repre-
sentative before-and-after photographs are shown in
Figures 3-5.

Safety

Safety assessments were performed immediately
postillumination, and at each follow-up interval.
Pain was assessed using the VAS and graded from
0 (no pain) to 10 (the worst pain imaginable). The
local skin reaction was classified as mild (transient
and easily tolerated), moderate (caused patient
discomfort and interrupted usual activities), or
severe (caused considerable interference with usual

activities and may have been incapacitating or life
threatening). An example of post-treatment erythema
is shown in Figure 5.

Pain assessed by VAS scale was an average of 4 on the
FxCO,-treated side and 3 on the contralateral ALA
PDT alone side during illumination. On the random-
ized side of the face treated with ALA-PDT

alone, minimal-to-moderate post-treatment erythema
resolved within 5 days in all subjects. On the paired
side treated with FxCO,-ALA-PDT, the erythema was
rated as moderate-to-significant and resolved within 5
to 7 days (Figure 5). No incidence of infection, dys-
pigmentation, or scarring was observed. No severe
adverse events were reported or observed at the
follow-up intervals.
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TABLE 5. Comparison of AK CR With and Without Previous Treatment With Fractional Ablative Laser

Resurfacing and ALA or MAL PDT

A. Previous Published Reports of AK CR With and Without Antecedent Fractional Resurfacing

Clearance
Fx Incubation Light Rates Follow-
Study Indication  Laser Photosensitizer Time Source +/—Fx, % Up, m
Jang and AK face CO, ALA 70-90 m +Fx Red 70.6 2
colleagues'® no control
Helsing and AK hands CO, MAL 3 h +Fx Red 73 4
colleagues™ 0 h +Fx 31
Ko and AK face Er: MAL 3 h +Fx Red 86.9 1
colleagues™ YAG 3h —Fx 61.2
Choi and AK face, scalp Er: MAL 3 h +Fx Red 91.7 3
colleagues' YAG 2 h +Fx 76.8
3 h —Fx 65.6
Togsverd-Bo AK scalp, Er: MAL 2.5 h +Fx Daylight 74 Y
and chest, YAG 2.5 h —Fx 46
colleagues, extremities
2015

B. Comparison of Reported Head AK CR Ranges From Published and Current Reports With (+) and Without (—)
Previous Fractional Ablative Resurfacing for MAL Red Light and ALA PDT Blue Light

Protocol —Fx, % +Fx, %
MAL red light 3 h trials 67-8920-21 NA
ALA blue light 14-18 h trials 88-89%4 NA
MAL red light PDT 3 h 61.2-65.6"%14 86.9-91.7'%14

ALA blue light PDT 15-30’

69.2-71.2 (current findings)

86.4-89.8 (current findings)

AK, actinic keratosis; ALA, aminolevulinic acid; CR, clearance rate; MAL, methyl aminolevulinate; PDT, photodynamic therapy.

Discussion

It has been presumed that PDT efficacy is largely
dependent on protoporphyrin IX (PPIX) accumula-
tion, which occurs over the course of hours after ALA
application, reaching its maximum at 14 to 18 hours'”
PDT with topical 20% ALA at 14- to 18-hour incu-
bation times and blue light irradiation for the treat-
ment of AK yielded CR of 88% at 8-week follow-up;
89% at 3-month follow-up; and 78 % after 2 treat-
ments at 12-month follow-up.>= In 2003, the author
and colleague were the first to report that shorter ALA
incubation time of 3 hours followed by pulsed dye
laser was effective at AK clearance with 90%, 70%,
and 65% CR for head, extremities, and trunk lesions,
respectively.'® Subsequently, other investigators
reproduced these findings with AK CR for head lesions
0f93%,84%,and 90% after 1,2, and 3 hours of ALA
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incubations, respectively, with blue light at 1-month
follow-up.® A more recent study showed 68% to 79%
AK CR after 1, 2, or 3 hours of ALA and blue light.” A
fluorescence kinetics study reported a linear accumu-
lation of PPIX over time that became statistically
higher than background in 48 % of AK by 20 minutes,
92% by 1 hour, and 100% of lesions by 2 hours after
ALA application.® This study is the first to compare the
safety and efficacy of ultrashort 15- and 30-minute
ALA incubations followed by blue light PDT with or
without antecedent FxCO, treatment in a split-face
paired group comparison. Ultrashort incubations
yielded statistically significant AK CR of 69.23% after
15" and 71.20% after 30’ ALA incubation. Pre-
treatment with FxCO, increased AK CR to 86.38%
after 15’ and 89.78% after 30’ ALA incubation, with
differences that were statistically significant as
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Figure 3. Baseline and 8-week follow-up of subject ran-
domized to pretreatment with FxCO, to Right and
30-minute aminolevulinic acid incubation with blue light.
The 2 sides of the face display comparable actinic keratosis
(AK) counts and photodamage at baseline (left). Greater
improvement in AK clearance rate and post-treatment
cosmesis is evident on the right in the post-treatment
photograph (right).

compared to paired controls. The findings reported
here suggest that ultrashort incubations of 15 and
30 minutes followed by blue light are adequate for
a PDT response and AK clearance; however, pre-
treatment with FxCO, greatly enhanced AK CR for
both groups.

The application of fractional ablative lasers to increase
PDT efficacy has been theorized to be due to increased
photosensitizer delivery. An increase in fluorescence
intensities at the skin surface and at greater skin depths
have been shown after FxCO,-assisted MAL appli-
cation as compared to MAL alone.'* Intensities were
66.6 versus 1.0 at 120 wm and 35.4 versus 1.2 at
1800 pwm depth, with and without pretreatment with
FxCOs,, respectively.'* These findings indicate that
FxCO, before MAL application greatly increased
photosensitizer delivery throughout the epidermis and
superficial dermis. It was also shown that FxCO,
greatly enhanced fluorescence intensities after short
30-minute incubation ALA in the porcine model of
14.1 au."! The latter findings suggested that pre-
treatment with FxCO, may facilitate enhanced pho-
tosensitizer delivery at shorter incubation times.
Concurrently, a series of clinical studies have

Figure 4. Baseline and 8-week follow-up of subject ran-
domized to pretreatment with FxCO, to Left and 15-minute
aminolevulinic acid incubation with blue light. The 2 sides
of the face display comparable actinic keratosis (AK)
counts and photodamage at baseline (left). Greater
improvement in AK clearance rate and post-treatment
cosmesis is evident on the left in the post-treatment
photograph (right).

demonstrated higher AK CR with fractional ablative
laser pretreatment; however, all but one of these
studies examined MAL PDT."*'® The AK CRs from
MAL PDT clinical trials and the control cohorts in
randomized studies were 67% to 89%°~2!; in con-
trast, with fractional ablative laser pretreatment, the
values were 87% to 92% at follow-up times of 1 to 4
months (Table §).'*'* The aforementioned studies
support the theory that fractional laser pretreatment
increases MAL PDT efficacies through increased drug
delivery; however, until now, data on the impact of
pretreatment with fractional lasers on ALA PDT had
been lacking (Table 5, A). A single pilot study com-
paring FxCO,-assisted PDT with ALA versus MAL
and short 70- to 90-minute incubations demonstrated
comparable AK CR when red light was used.'® In that
study, 17 AK lesions were treated with FxCO,, 90-
minute ALA incubation, and red light PDT. At 8-week
follow-up, AK CR, which was calculated in a manner
consistent with this study, was reported at 88.2%
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Figure 5. Postoperative recovery after +/—FxCO, amino-
levulinic acid (ALA) photodynamic therapy. The baseline,
1-day and 8-week follow-up photographs from a subject
randomized to pretreatment with FxCO, to the right and
30 minutes ALA blue light treatment. (A) Baseline: Dem-
onstrating actinic keratosis (AK) on forehead. (B) One day
postoperative: demonstrating moderate erythema which is
more prominent on the right. (C) Eight-week follow-up:
demonstrating greater AK clearance rate on right versus
left.

although red light was used."'® On tabulating head AK
CR without versus with pretreatment with fractional
ablative lasers from the previous and current ran-
domized trials, the comparisons are 61.2% to 65.6%
versus 86.9% to 91.7% for 3-hour MAL red light
PDT; and 69.2% to 71.2% versus 86.4% to 89.8%
for 15-to 30-minute ALA blue light PDT (Table 5, B).
The findings reported here provide the first data set on
the impact of fractional ablative laser pretreatment on
ALA blue light PDT efficacy.

The theory of enhanced photosensitizer delivery

because of a dose-dependent delivery and PPIX accu-
mulation in keratinocytes seems to be incomplete, as

DERMATOLOGIC SURGERY

subcellular localization has been shown to play an
even more critical role in PDT efficacy. Subcellular
localization of photosensitizers can be highly specific
or quite broad, and has been reported to include the
endoplasmic reticulum (ER), mitochondria, Golgi,
lysosomes, and plasma membrane.?*?* The initial
cellular localization of PPIX after ALA application has
been demonstrated to be restricted to the mitochon-
dria.?*2¢ It has been further shown that initial PPIX-
mediated photodynamic damage is localized to the
mitochondria.?**” Ensuing apoptosis has been repor-
ted to occur within 10 hours.”® The intracellular
localization and concentrations of protoporphyrins
are determined by at least 3 rate-limiting steps: ALA
uptake through proton-coupled oligopeptide trans-
porters, such as PEPT1 and PEPT2, conversion of
PpIX to heme through ferrochelatase, FECH, and
intracellular transfer of PpIX through ATP-binding
cassette (ABC) transporter G2 (ABCG2), the latter of
which inversely impacts ALA-induced PPIX accumu-
lation.?” Although photodynamic inactivation of dif-
ferent cancer cells seemed to be directly related to PPTX
accumulation, examination of the data in more detail
has revealed that photodynamic efficacy per photo-
sensitizer molecule differs dramatically in different
systems and relates directly to the different intracel-
lular location of PPIX.*° Thus, enhancement of pho-
todynamic efficacy by facilitated photosensitizer
delivery is not linked to increased concentration of
photosensitizer precursor in the target tissue, but
rather to the subcellular localization of downstream
photosensitizer, namely, mitochondrial localization of
ALA-induced PPIX in the case of AK.

The mechanism of action of short incubation ALA-
PDT is a matter of great interest. In AKs, ultraviolet
B inactivation of the tumor-suppressor p33, which
maintains a stable genome through its role in pro-
moting cell-cycle checkpoints, DNA repair, and
apoptosis, results in genomic instability.*® Gain-of-
function mutations in Ras, Fyn/SFKs, and Bcl-2 have
been demonstrated in AK.?' B¢l-2 overexpression in
AK has also been well demonstrated.*” Because Bcl-2
inhibits apoptosis, it is a prime target for cancer ther-
apy, and PDT selectively destroys Bcl-2.>2*3 More-
over, enhanced apoptotic response to PDT has been
observed after Bcl-2 transfection/upregulation, and



Bcl-2 expression is associated with favorable response
to PDT.>*?* Experimental studies have shown that
PDT induces selective degradation of the Bcl-2 pro-
tein, leading to apoptosis by decreasing the Bcl-2/Bax
ratio.”® The proapoptotic Bax and BH3-only proteins
mediate mitochondrial disruption and detect devel-
opmental death cues downstream of Bcl-2 damage.?”
Bcl-2 proteins control cytochrome c release: PDT tar-
geting of Bcl-2 triggers mitochondrial membrane
permeability transition pores to open, releasing cyto-
chrome ¢ into the cytosol and triggering the caspase
pathway of apoptotic cell death.?” Caspase-
independent pathways of cell death may also occur,
including necrosis and autophagy after PDT; however,
these have yet to be as rigorously demonstrated in ALA
PDT-mediated cell death pathways in AK.?”

Although cell death pathways such as necrosis and
autophagy may also play a role, the author theorizes
that ultrashort ALA incubation in the PDT response in
AK seems to primarily involve mitochondrial locali-
zation, targeting of bcl-2 and triggering of apoptosis.
In support of this theory, the initial localization of
ALA-induced PPIX is in the mitochondrion; the anti-
apoptotic protein Bcl-2 is a target of ALAPDT, and the
apoptotic response is activated by ALA PDT and
greatly increased by Bcl-2 overepression.20-27:27-32:38
Since linear PPIX accumulation over time has been
shown to be higher than background in only 48% of
AK by 20 minutes, intracellular accumulation of ALA-
induced photosensitizer after ultrashort incubations
does not fully account for the photodynamic efficacy
reported here which reached roughly 69% to 71% CR
for AK treated with blue light alone.'* The PDT effi-
cacy demonstrated here after ultrashort ALA incuba-
tion may be explained by rapid ALA-induced
mitochondrial PPIX accumulation and apoptotic
pathway triggering, rather than purely a dose-
dependent increase in ALA concentration in skin.
Thus, while AK CR may be directly related to PPIX
accumulation, the efficacy after ultrashort ALA incu-
bation reported here also suggests that photodynamic
efficacy per photosensitizer molecule may relate to the
intracellular location of PPIX as opposed to net dose of
PPIX. Comparatively greater PDT efficacy from pre-
treatment with fractional CO, resurfacing may relate
notonly to a dose-dependent increase in photosensitizer

ALEXIADES

delivery, as has been shown previously but also to

a greater subcellular localization of ALA-induced PPIX
in mitochondria, a hypothesis that is deserving of direct
study.

Limitations of the conclusions put forth herein include
the possibility that the parameters used for the frac-
tional CO, laser itself may have contributed to the
increased CRs at the density used without positing
increased photosensitizer delivery. An alternative
potential confounder is that the heat generated from
the laser may increase ALA conversion to PPIX,
absorption of ALA or increase penetration.

Conclusion

In this randomized, blinded, paired-design, controlled
clinical trial of FxCQO;-assisted ultrashort incubation
ALA PDT for the treatment of AK, photodynamic
efficacy is demonstrated at 15- and 30-minute ALA
incubations. Pretreatment with fractional ablative
resurfacing augments ALA-PDT efficacy for AK
clearance at ultrashort ALA incubations followed by

blue light.
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