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Photodynamic therapy requires a photosensitizer, oxygen, and activating light. For acne, pilosebaceous
units are “target” structures. Porphyrins are synthesized in vivo from 5-aminolevulinic acid (ALA),
particularly in pilosebaceous units. Different photosensitizers and drug delivery methods have been
reported for acne treatment. There are a variety of porphyrin precursors with different pharmacokinetic
properties. Among them, ALA and methyl-ester of ALA (MAL) are available for possible off-label treatment
of acne vulgaris. In addition, various light sources, light dosimetry, drug incubation time, and pre- and
posttreatment care also change efficacy and side effects. None of these variables has been optimized
for acne treatment, but a number of clinical trials provide helpful guidance. In this paper, we critically
analyze clinical trials, case reports, and series of cases published through 2009. (J Am Acad Dermatol
2010,63:195-211.)

Learning objectives: After completing this learning activity, participants should be able to analyze
photodynamic therapy using 5-aminolevulinic acid and its derivates for acne treatment, predict the
effectiveness and outcomes of photodynamic therapy using different parameters and/or different
porphyrin-related photosensitizers, and assess and manage the side effects of porphyrin-based photodynamic
therapy for acne.
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alternatives, it is clear that there is no consensus
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about treatment parameters to target of acne seba-

ceous glands.
PDT drug delivery methods, choice of photosen-

sitizer, skin preparation, light sources, and light
dosimetry/irradiance may affect efficacy and side
effects. Understanding the science behind treatment
methods may increase efficacy and long-term acne
remission. This review is a critical analysis of all
clinical papers on the subject of PDT for acne. Table I
summarizes the clinical studies, case reports, and
series of cases published through 2009 regarding
PDT for acne.
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5-AMINOLEVULINIC ACID VERSUS

5-AMINOLEVULINIC ACID DERIVATIVES

Key points

e S-aminolevulinic acid (ALA) and ALA deriva-
tives have different mechanisms of cell
uptake and transport

e While ALA is hydrophilic, most ALA deriva-
tives are lipophilic, making it easier for pas-
sive cell transport. However, ALA derivatives
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need an extra step of metabolism to be
converted into AILA and then into
porphyrins

¢ In general, high-dose photodynamic therapy
with long incubation, high fluence red light
activation works similarly for both ALA and
ALA derivatives

¢ Oral administration of
ALA has been reported
for acne treatment,
but can be associated
with systemic side ef-
fects and generalized
phototoxicity

In the United States and
South America, 5-ALA is avail-
able in 20% hydroalcoholic
solution and marked as
Levulan  Kerastick (Dusa
Pharmaceuticals, Wilmington,
MA) for treatment of actinic
keratosis followed by blue
light exposure. Methyl ami-
nolevulinate hydrochloride
is the methyl-ester of ALA
(MAL) in a cream formula-
tion. MAL is marketed as
Metvix (produced by
Photocure ASA, Oslo,
Norway, and marketed by
Galderma SA in Europe,
Australia, and South America
for the treatment of actinic
keratosis and, depending on
the country, for treating
Bowen disease and superfi-
cial basal cell carcinoma) or
as Metvixia (in the United
States, marketed by
Galderma SA for the treat-
ment of actinic keratosis
with red light exposure). It
is labeled either as 16% or
16.8% concentration in differ-
ent countries, depending
whether the hydrochloride
is included in molecular
weight. Lower concentrations of MAL (2, 4, and 8%)
are being tested in phase I and phase II clinical trials
for acne treatment, but no publications are available
thus far. More recently, the hexyl-ester of ALA has
been approved in Europe for bladder cancer treat-
ment (Hexvix 85-mg powder for intravesical use;
produced by Photocure ASA, Oslo, Norway, and
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marketed by Galderma SA), but this compound has
not yet been studied for acne. Other derivatives are
not yet marketed.

Mechanisms of ALA cell uptake involve trans-
membrane channels and active transport. ALA is a
naturally occurring amino acid with a balance of
hydrophilic and lipophilic properties that allows
diffusion in and out of bio-
membranes.’ ALA is a largely
hydrophilic  zwitterion (a
neutral molecule carrying
both positively and nega-
tively charged groups) which
facilitates plasma membrane
penetmtion.2 ALA  esters
were developed to increase
drug penetration by adding
aliphatic alcohols to the car-
bohydrate chains and modi-
tying the alkyl chain length,
and to formulate new, pat-
entable molecules. However,
if a highly lipophilic drug is
added to a lipophilic vehicle
(cream or ointment), it tends
to be retained in the vehicle
rather than partitioning into
skin, and uptake is reduced.’
Those ALA derivatives with
long lipophilic side chains
may also suffer delay in up-
take because of retention in
stratum corneum and/or a
higher molecular weight.
Figure 1 summarizes the lip-
ophilic properties of ALA and
its  derivates.!  Ultimately,
only the ethyl, propyl, and
methyl esters of ALA have
successfully improved por-
phyrin formation upon topi-
cal application to intact skin
invivo."” Some studies using
the topical hexyl ester of ALA
in skin failed, possibly be-
cause it was used within a
lipophilic vehicle, suggesting
that a hydrogel vehicle may
be more appropriate for the more lipophilic esters.*

In addition to differences in uptake related to
physicochemical propertties, it was also observed in
different cultured cell lines that uptake of ALA and its
various esters follow different active transport path-
ways. 5-ALA is a beta amino acid that enters cells in
part via active transport mechanisms, such as PEPT1



Table L. Publications between 2000 and 2008 of 5-aminolevulenic acid and methyl aminolevulinate hydrochloride photodynamic therapy for the treatment
of acne vulgaris

Hongcharu, 2000*  Itoh, 2000*° Itoh, 20017 Goldman, 2003>®  Pollock, 2004 Gold, 2004 Taub, 2004 7 Kimura, 2004 Hong, 2005 **
Drug 20% ALA topical 20% ALA 20% ALA 20% ALA 20% ALA 20% ALA 20% ALA topical  Oral ALA 20% ALA topical
topical topical topical topical topical + salicylic 10 mg/kg {only in acne
acid peelings spots)
over 4 weeks
Control Yes; blinded Yes (compared No; not No {compared Yes (same No; not No; not blinded No; not blinded  Yes {split-face ALA-
group?® assessment to rest of the blinded to blue light patients received  blinded assessment assessment PDT vs controls);
face that was not  assessment only group), treatments assessment blinded
treated); not blinded and controls); assessment (7)
not blinded assessment not blinded
assessment assessment
No. of 22/Back 1/Face 13/Face 22 (12 blue 10/Back 15 18 51/Body 8/Face
patients/ light vs
acne 10 ALA-
location PDT)/Face
Acne type Inflammatory, inflammatory 3 Comedonal Inflammatory, Inflammatory, Inflammatory, inflammatory, Intractable {?) Inflammatory, mild
mild to (NI} 10 mild to mild to moderate to moderate to to moderate
moderate inflammatory moderate moderate severe severe
Pretreatment  70% Isopropyl Not Not 2% Salicylic Not mentioned  Cetaphil Acetone scrub Not mentioned 70% Isopropyl
alcohol mentioned mentioned acid cleanser cleanser and alcohol alcohol
scrub
Time of 3 hrs under 4 hrs under 4 hrs under 15 min 3 hrs under 1 hr 15-30 min, 4 hrs 4 hrs under
incubation occlusion occlusion, occlusion, occlusion not occlusion, light
light covered light covered standardized covered
Light Broad-spectrum Pulsed excimer Broad-spectrum  Blue 417 + 5 nm, Diode laser IPL (430-110 nm), Blue (417-420 nm) Metal halide Halogen lamp
SOUrces (550-700 nm), dye laser (635 (600-700 nm) 10 mW/em?, 635 nm), 3-9 Jfem® + OR blue (540-800 nm), red (630 + 63
150 Jfem? nm), 5 Jem? halogen 3.6 Jem?® 25 mWrem?, heat 417 + 5 nm 69.2 mW/em?, nm),
lamp at 17 15 Jem? (1.8-4.2 Jfem?® at  60-80 J/em? 30 mwW/om?,
mW/em?, 10 mW/em?) OR 18 J/em?
13 Jem? IPL {400-980 nm),
18-25 Jjiem?® +
radiofrequency
18-20)/cm, no
standardized
fluences
No. of PDT Two randomized 1 1 2 3 {1-wk 4 {1 wk 2-4 {4-B wks 2 (2-4 wks 1
sessions groups: 1 vs 4 apart) apart) apart}, not apart)
sessions (1-wk standardized
apart)
Total 20 wks after 32 wks 24 wks after 2 wks 3 wks 12 wks 4-32 whks, 12 wks 24 mos
follow-up the last the last not
time treatment treatment standardized
Continued
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Table 1. Cont'd

Hongcharu, 2000**

Itoh, 20004

Itoh, 20013

Goldman, 2003>°

Pollock, 2004*

Gold, 2004°¢

Taub, 2004 %7

Kimura, 2004%°

Hong, 2005 4

Efficacy
rate!

Recurrence

Four sessions

better than 1.
After 20 wks,
reduction of
~50% of acne
after 4 sessions
{P <« .05). ~30%
reduction with
only one session.
Global acne
improvement,
sebum reduction,
and
autofluorescence
statistically
significant
compared to
other control
sites

Complete
remission,
with no new
lesions

100% of
patients
with some
improvement;
13/13 patients
with no new
lesions after
1 mo; 5/13
without new
lesions after
3 mos and
& mos all
patients
had new
lesions

New lesions
after 3-6 mos

68% (PDT)

reduction of
inflammatory
lesions vs 40%
{blue light)

and 62%
reduction

of Ni lesions.
32% (ALA-PDT)
vs 25% (blue
only)
improvement in
severity of acne

Reduction of
acne count
from 11.6
lesions to 3.6
at the end of
the study; NI
lesions not
evaluated

20% of patients

had no
improvement
with treatment;
80% of patients
showed 71.8% of
improvement;

NI lesions not
mentioned

27% of patients

had no
improvement
with treatment.
Results not
comparable
because of the
lack of
standardization

11% recurrence

in1or2mos;
results not com-
parable because
of the lack of
standardization

31.4%
improvement;
60.8% marked
improvement.
Average lesion
count reduction
was 18%

7.8% no changes; 41.9% (treated) vs

15.4% (control)
reduction

of inflamed
lesions.
Statistical
difference when
compared

Most patients

noted a increase
in new lesions
after 6 months

Continued
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Alexiades- Rojanamatin, Akaraphanth,
Santos, 2005% Wiegell, 2006** Wiegell, 2006%* Horfelt, 2006**  Armenakas, 2006%° 2006*° 20074 Yeung, 2007 Horfelt, 2007%°
Drug 20% ALA 16.8% MAL 20% ALA vs 16.8% MAL 20% ALA topical  20% ALA topical  10% ALA topical  16.8% MAL 20% ALA topical
topical 16.8% MAL + conventional only in acne topical; all
treatment or spot patients used
chemical peels 0.19% adapalene
gel during the
entire study
Control No (split-face: Yes; blinded No {split-face); Yes {split-face); No {all patients  No {not No {same No (IPL alone Not blinded
group?* IPL alone assessment blinded blinded received some randomized patients vs MAL + assessment
vs IPL + ALA); assessment assessment treatment); split-face received blue IPL vs
not blinded all patients study); not light alone control in a
assessment continued blinded and blue light + randomized,
conventional assessment? AlAin a split-face
therapies; not nonrandomized study);
blinded split-face study);  blinded
assessment not blinded assessment
assessment
No. of 13/Face 36 (21 treatment  15/Face 30/Face 19/Face; 1 ALA 14/Face 20/Face 23/Face 14/Face: 9 cheek, 5
patients/ vs 15 control)/ + blue vs 14 ALA back
acne Face + LP PDL
location vs 2 LP PDL
only vs 2
conventional
treatments
(4 patients of
ALA + LP POL
group received
35% glycolic
acid or 20%
trichloroacetic
acid peeling)
Acne type Inflammatory inflammatory Inflammatory Inflammatory, Inflammatory Inflammatory Inflammatory, Inflammatory Mild to severe
and NI moderate to and NI lesions, moderate to
severe mild to severe severe
Pretreatment Not Curettage + Not Nodular and Cetaphil Soap and Washing Washed with Not mentioned
mentioned occlusive mentioned cystic lesions cleanser water soap followed
dressing were pricked by alcohol
with 1-2 mm scrub
cannula
Time of 3 hrs 3 hrs under 3 hrs under 3 hrs under 45 min 30 min under 1hr 30 min 3 hrs under
incubation occlusion occlusion, occlusion occclusion ocdusion
light covered
Continued
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Table 1. Cont'd

Alexiades- Rojanamatin, AKkaraphanth,
Santos, 20057 wiegell, 2006 wiegell, 2006"> Horfelt, 2006'  Armenalas, 2006™® 2006%° 2007% Yeung, 2007 Horfelt, 2007
Light IPL {cutoff Noncoherent Noncoherent Noncoherent LP PDL (395 nm, IPL {cutoff Blue LED IPL (530-750 Noncoherent red
sources filter, 360 nm), red {635 nm), red (630 nm), red (635 nm), 7.0-7.5 Jem?, filter, 560-590 415 + 5 nmj, nm), single (600-730 nm), 50
double pulse 37 J/em? 37 Jem?, 34 37 Jem? 10 ms, 10-mm nm), double 40 mW/em?, pass, double mW/cm?, 50 or
26-34 J/cm? mw/cm? spot size), DCD pulse 25-30 48 J/em? pulse, 10-ms 30 J/em? (cheek);
30/30 blue Mem? delay, pulse 50 or 70 J/em?
417 = 5 nm), 2.5 ms, (back)
10 mW/em? 7.0-9.0 J/em?
No. of PDT 2 {2 wks apart) 2 1 2 {2 wks apart) 1-6 sessions 3 (3-4 wks 4 (1 wk apart) 4 (3 wks apart) 1
555108 {4 wks apart), apart)
no standardized
protocol
Total 8 wks 12 wks 12 wks 12 wks 5-52 wks, no 12 wks 11 wks {16 wks 12 wks 10 wks (cheeks); 20
follow-up standardized of the wks (back)
time protocol beginning
of the
treatment)
Efficacy ALA + IPL sites:  68% reduction Mean of 59% 54% (PDT) vs ALA + LP PDL All patients 71.1% (blue 65% {PDT-group}  100% showed
rate’ 23% poor of inflammatory  reduction 20% (control) group: improved; 87.7%  light + ALA) vs 23% (IPL some
response, 77% lesions vs 0% in  of inflammatory  reduction of clearance ~40- {IPL + ALA) vs vs 56.7% group) vs 88% improvement;
good or controls lesions inflammatory 100%, but 66.8% (IPL only]  (IPL only) {control group) high and low
excellent results (P = .0023 for both MAL lesions 4 patients reduction of reduction of reduction of light doses
vs IPL only: 77%  [control]) 92% and ALA (P = .0006); had additional inflammatory inflammatory inflammatory showed similar
poor, 23% good  improvement NI lesions: NI lesions: chemical lesion lesion {with no lesions (no clinical
results. (P = .64); NI no difference reduction with peels and {no statistical statistical statistical improvement,
lesions: no 75-83% clinical no statistically maintained difference) difference, difference); the latter with
improvement. improvement significant 40% conventional P =.092). NI lesions: lower side
(POT) vs 20% treatment during Reduction decrease of 38%  effect rates
(control) dinical  the study. in Ni lesions PDT group
improvement Clearance was 80.5% vs 44% IPL vs
of 32-33% (LP {blue + ALA) increase
PDL-only) vs vs 71.3% (blue of 15% in
17-20% only) with no control group

{conventional);
results

not comparable
because

of the lack of
standardization

statistical
difference.

No significant
difference in the
lipid level
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New lesions

Recurrence

starting from

1-13 mos

ALA, 5-Aminolevulenic acid; CW, continuous wave; DCD, dynamic cooling device; IPL, intense pulsed light; LP, long pulse; MAL, methyl aminolevulinate hydrochloride; NI, noninflammatory;

PDL, pulsed dye laser; PDT, photodynamic therapy; ?, unknown.

*Controls were defined as areas of the patients or groups of patients followed during the same time of the clinical trial that did not receive PDT treatment nor any drug or light irradiation.

YEfficacy rate at the end of the study.

*Although patients were assessed by a nontreating dermatologist, the split-side of the face was not randomized, because IPL alone was always performed on the left side, and ALA + IPL was always

performed on the right side of the face.
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transporter (in rat pancreatoma Cells),4 PEPT2
transporter (in kidney cells),” carrier systems trans-
porting the beta amino acids (B-transporters), and
gamma-aminobutyric acid (GABA; in the human
adenocarcinoma cell line WiDr).6’7 It is unknown
whether and to what extent different active transport
mechanisms account for the striking biodistribution
of ALA among different cell types in human skin.
However, ALA esters were suggested to enter cells
mainly by passive diffusion or endocytosis.® MAL
does not seem to be taken up by B-transporters, but
by an active transport mechanism involving trans-
porters of nonpolar amino acids, when studied in
colon adenocarcinoma cells.”

Even though in vitro porphyrin accumulation had
been shown to be more effective for some ALA esters
in comparison to ALA, when injected into mice, ALA
derivatives resulted in a lower porphyrin concentra-
tion in the tumor compared to equimolar amounts
of ALA, suggesting blood vessel retention of ALA
derivatives.'¥ Oral administration of ALA alkyl
esters also show no advantage over 5-ALA, because
these are quickly degraded in the gastric acidic
environment.

The development of new ALA derivatives is
promising, but the optimal photosensitizer for acne
treatment is not yet defined, and clinical results are
still pending for most of the ALA derivatives. Among
all ALA derivatives, only MAL has been studied and
introduced for treatment of acne outside the United
States, but is not yet cleared by the US Food and Drug
Administration for this indication.

There may be important differences between MAL
and ALA in practice. The role of occlusion after
application has not been specifically tested for either
of these topical medicines (hydroalcoholic solution
vs. cream). While ALA is a water-soluble amino acid,
MAL is a more lipid-soluble derivative. In theory,
MAL may partition more easily into the lipid-rich
milieu of sebum, but this has not been specifically
tested. Depending on pH, the two molecules have
different charges. The extra metabolic step of ester
hydrolysis is also necessary to convert MAL to ALA,
which appears to occur mainly in the intracellular
space; tissue—cytoplasmic esterases in particular—
must hydrolyze the methyl ester to form ALA in situ,
which is then converted to porphyrins. The heme
synthetic pathway is complex, involving multiple
cytoplasmic and mitochondrial steps that are sensi-
tive to substrate concentrations. Differences in the
vehicles, uptake, charge, partitioning, and metabo-
lism plus the higher molecular weight of MAL may
delay its onset of photosensitization compared with
ALA, but this has also not been determined. A study
comparing ALA and MAL for actinic keratosis has
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Fig 1. Uptake of 5-aminolevulinic acid (ALA) and its derivatives depends on the partition
between the aqueous and lipophilic environments, molecular weight, and specific transmem-
brane transport. Log Pocunolmzo describes partitioning between octanol (lipophilic) and water
(hydrophilic) media. ALA and its methyl ester have negative values, meaning that they are
hydrophilic. For them, passive diffusion through cell membranes is difficult, and uptake occurs
by specific receptors. All the other esters shown are more lipophilic. Intermediate lipophilicity
allows most of them to cross biologic membranes, but the largest octyl ester of ALA is inhibited
from cell uptake. (Modified with permission from Lange.l)

shown that ALA is more efficient for porphyrin
formation, although MAL was more selective for
the lesions."" Similar comparative studies for seba-
ceous glands were not performed. Neither of the
drug formulations has been specifically optimized
for use in acne treatment; it is likely that both could
be improved.

Comparative efficacy

Similar studies of “high-dose” (long incubation
time and high fluence red light exposure) have also
verified similar efficacy when the MAL was used for
acne therapy.'* % Wiegell and Wulf'*"® reported a
significant 68% reduction in inflammatory lesions
after 12 weeks of treatment, and a control group did
not improve.

The same group compared topical 20% ALA with
16% MAL in a randomized, split-face, blindly as-
sessed study followed for 12 weeks after one PDT
session (3 hours of incubation followed by irradia-
tion of red light). " There was 59% average reduction
of inflammatory lesions with no statistical difference
between the two drugs. Pain during treatment was
similar for both photosensitizers, but was more
intense after 24 hours in the ALA sites. This was felt
to be consistent with more intense and homoge-
neous porphyrin fluorescence found in the ALA-
treated areas, suggesting that ALA may cause greater
porphyrin synthesis in the epidermis. One hypoth-
esis is that MAL is more selective for sebaceous gland
uptake because of its lipophilic properties. However,
this is speculative, and it is not yet known whether
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the two agents induce different porphyrin distribu-
tions under wvarious application conditions. It is
equally plausible that faster uptake and metabolism
of ALA intc protoporphyrin IX may explain its more
intense fluorescence and greater side effects in this
study.

Potentially, a shorter period of incubation or a
lower ALA concentration would produce the same
intensity and distribution of porphyrins as MAL, with
the same side effect rates and efficacy for the treat-
ment of acne. A larger clinical study comparing these
drugs in a dose response manner is needed. At
present, they appear to be largely equivalent.

Oral or topical photosensitizer?

While using oral ALA, Kimura et al'®> observed a
92% rate of improvement of acne according to
nonblinded observers. The oral administration of
ALA can lead to systemic adverse effects not unlike
acute variegate porphyria, acute intermittent por-
phyria, or the 86-ALA dehydratase deficiency por-
phyria in which systemic ALA levels are elevated.'®
Those include generalized photosensitivity requiring
prolonged photoprotection, hepatotoxicity, nausea,
and vomiting,'” although only nausea was observed
in Kimura et al’s study,'” in which the ALA dose was
limited to 10 mg/kg. Similar to topical application of
ALA,'® an acneiform eruption occurring 3 to 4 days
after treatment was also observed after oral ALA
administration'® and red light exposure for PDT.
Because of these side effects and lack of an approved
formulation, oral ALA remains experimental and is
rarely used outside of Japan.

WHICH LIGHT SOURCES, AND WHAT

DOSIMETRY AND IRRADIANCE?

Key points

¢ Deeper penetrating (red) light wavelengths
are more likely to reach and activate por-
phyrins in sebaceous glands

¢ Continuous, high-intensity red light sources,
including lasers, broad spectrum, and light-
emitting diode sources, have shown best
results in long-term follow-up studies using
cither ALA or MAL for photodynamic ther-
apy of acne

¢ There is no consensus about optimal light
dosimetry and irradiance

Photons, the fundamental quanta of light, interact
with matter by scattering and absorption. Both of
these interactions limit the penetration of light into
skin.'**" In the visible light spectrum, scattering and
absorption generally decrease with increasing
wavelength. Longer wavelengths (red) therefore
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Wavelength {(nm)
300 400 500 600

Absorption 1/cm

500 -

1000 -

1500 =

Penetration (um}

2000

Fig 2. Porphyrin absorption bands exist from 300 to 650
nm and can be excited by numerous sources, which have a
range of clinical utility. The figure shows wavelength-
dependent penetration of light into human skin, with
arrows indicating the approximate 50% optical penetration
depth. IPL, Intense pulsed light (source); KTP, potassium-
titanyl-phosphate; Nd, neodymium; PDL, pulsed dye laser;
YAG, yttrium-aluminum-garnet.

penetrate deeper than shorter (blue) wavelengths,
a phenomenon also known as the Tyndall effect.'?*
Facial sebaceous glands are part of the follicular unit
and are located approximately 0.5 to 1.0 mm from
the cutaneous surface.®’ Because of the deep loca-
tion of sebaceous glands, stimulation of the photo-
sensitizer for acne treatment requires light sources
with wavelength(s) sufficiently long and with suffi-
cient irradiance to induce photodynamic effects on
the tzurgets22 (Fig 2).

Porphyrins are tetrapyrrole molecules, with a
maximum absorption band in the blue light spec-
trum, the Soret band (405-415 nm). Somewhat
weaker absorption bands, so-called Q-bands, are
located in the green (~506 nm to ~540 nm), yellow
(572-582 nm), and red spectra (628-635 nm).
Although the strongest porphyrin absorption is in
the blue spectrum, blue light penetrates poorly into
dermis in vivo. In contrast, red light is a deeply
penetrating wavelength region that can effectively
drive PDT reactions throughout the dermis to more
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than 2 mm deep. Continuous wave (CW) broad
spectrum'®# or noncoherent'>1# red light sources
have shown best results in long-term follow-up
studies using either ALA or MAL for the treatment
of acne.

The use of pulsed sources have been successfully
described for the treatment of superficial targets,
such as supertficial actinic keratosis,** although po-
tential differences in the mechanisms of action
between CW and pulsed light sources for PDT are
still unclear.” One enigma is that all of the oxygen
available in skin during a millisecond-domain light
pulse is probably insufficient for PDT, and yet single
pulses from intense pulsed lights (IPLs) or pulsed
dye lasers (PDLs) are claimed to be effective for PDT
of actinic keratosis and acne. Perhaps the burst of
singlet oxygen generated during a high fluence light
pulse is somehow more effective than steady
production during continuous light exposure.
Alternatively, the photochemistry may be primarily
affected. Oxygen depletion during a high-irradiance
pulse could lead to other non—oxygen-dependent
reactions of the porphyrin triplet states. It is also
possible that in practice, inadvertent exposure to
sunlight or other environmental light after the patient
leaves the dermatology office is in part responsible
for the reported efficacy of pulsed-source PDT. The
few studies using pulsed light sources for the treat-
ment of acne lack controls,***® have short follow-up
period,® or show no statistical difference compared
to controls.*!

There is no consensus on the optical dosimetry for
PDT of acne. As in ultraviolet light phototherapy, the
primary units of dosimetry are wavelength range of
the source (measured in nm), irradiance (in W/ cm?
or mW/cm?, the rate at which energy is delivered per
unit area of skin), fluence (in J/cm?, the total energy
delivered per unit area of skin), and exposure time
(seconds or for the pulsed sources used thus far,
milliseconds). As with classical phototherapy, flu-
ence is equal to the irradiance multiplied by the
exposure time. For continuous sources, the PDT
exposure time in seconds is calculated by dividing
the desired fluence by the irradiance of the source.
Pulsed light sources in dermatology were developed
for selective photothermolysis®”3*? and as such are
capable of inducing selective thermal damage to
blood vessels, hair follicles, and/or pigmented le-
sions. Exposure time for most pulsed sources is fixed
on a millisecond time scale, and the desired fluence
is delivered in a single pulse. Sources used for PDT
include light-emitting diodes (LEDs), filtered incan-
descent or arc lamps, slide projectors, fluorescent
lamps, TPLs (filtered xenon flashlamps), lasers, and
sunlight. The only source specifically cleared by the
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US Food and Drug Administration for ALA PDT
of actinic keratosis is a moderate irradiance,
U-shaped blue fluorescent lamp (Blu-U; DUSA
Pharmaceuticals, Wilmington, MA) that may be
insufficient for highly effective acne treatment
with permanent results.>* Of the other sources, red
(~635 nm) LED arrays are probably the most accu-
rate, intense, robust, and sufficiently wide-area
sources for facial acne PDT (eg, Aktilite CL 128;
Photocure ASA, Oslo, Norway, and Omnilux [Photo
Therapeutics, Cheshire, UK]). However, it should be
noted that Kennedy et al’s original description of ALA
PDT for basal cell carcinomas® used a common slide
projector, and a similar source was used in
Hongcharu et al’s original study of PDT for acne.'®

Unless the tissue is hypoxic, the rate at which
singlet oxygen is produced during PDT, and the
stinging pain felt by the patient, is related to the
product of the source irradiance times the local
porphyrin concentration. Pain can be reduced by
reducing the source irradiance, and a fan blowing
cool air on the skin also helps.

In an optical dose-response study for the treat-
ment of nevoid basal cell carcinomas (BCCs) using
different light fluences at 633 nm wavelength,
Oseroff et al*® reported higher response rates up to
200 J/cm? of red light, delivered at an irradiance of
150 mW/cm?. A follow-up study by the same group®’
compared different red light irradiances to deliver
200 J/cm?. If ~40 mW/cm? was applied until photo-
bleaching of porphyrin (as measured by fluores-
cence) had reached 10% of its initial value, at which
point the treatment was continued at 150 mW/cm?
until the treatment fluence of 200 J/cm® was
delivered, this initial low irradiance reduced pain
without compromising efficacy. A similar approach
is likely to be helpful for high fluence, continuous
red light PDT of acne, the only optical dosimetry
clearly shown to produce substantial, long-lasting
improvement.

Only two studies have shown biopsy specimens
confirming long-term sebocyte damage, one using
550 to 700 nm at 150 J/cm?,'® and the other using 600
to 700 nm at 13 J/cm?.*® These fluences are more
than one order of magnitude apart; only the higher
fluence study showed a prolonged suppression of
sebum secretion. A small unblinded dose-response
pilot study by Hotfelt et al’® suggested that 30 to
70 J/cm® showed similar efficacy after 10 weeks, but
with reduced side effects at the lower fluence;
however, no biopsies were performed. In overview,
the evidence regarding optical dosimetry for ALA
PDT of acne suggests that two fluence-dependent
mechanisms may account for efficacy. At low flu-
ences—and apparently with pulsed sources and blue
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light sources—superficial and limited PDT occurs,
which is less painful, has fewer side effects, and
achieves a modest and temporary improvement.
This may occur by effects on bacteria, inflammation,
and/or follicular keratinization. At high fluences with
red light delivered in several treatment sessions,
greater and much more prolonged efficacy can be
achieved, along with greater inflammatory and
pigmentary side effects, associated with profound
reduction of sebaceous gland function. It is plausible
that the latter high-fluence approach may rival oral
retinoids, the only other treatment known to
reduce sebaceous gland function. This will remain
a conjecture, however, until PDT is optimized and
well controlled prospective clinical trials are
undertaken.

SKIN PREPARATION

Key points

¢ Skin preparation affects the uptake of topi-
cal drugs. Various skin preparations have
been used in different clinical studies of
photodynamic therapy for acne, which cre-
ates a confounding variable when compar-
ing the results

* When using ALA, degreasing skin might help
drug penetration. Lipophilic esters might
not require skin cleansing, yet no compara-
tive studies have been performed

¢ Skin occlusion may increase drug uptake

Presumably, skin preparation affects uptake of
ALA or MAL, as it does other topical medications. The
drug should be applied uniformly to the treatment
area. Otherwise, linear streaks or other patterns of
erythema, edema, or hyperpigmentation may result
after light exposure.

Skin preparation has not been mentioned in eight
of the case reports and experiments using porphyrin
precursors for PDT,1313:15.:23,29.38-40 Cleansing with
70% isopropyl alcohol,*®% 204 salicylic acid,** mild
skin Clezmse1rs,26’28 acetone scrub, or alcohol?” have
all been described before the application of ALA.
Simple pretreatment cleansing with soap and water*?
followed by alcohol scrubbing (the type of alcohol
was not specified)* were also used. Curettage of
lesions'? and pricking of nodulocystic acne with a
cannula*® were also described. Curettage followed
by ALA or MAL photodynamic therapy is used in
Europe as a treatment for BCC.

Depending on the vehicle and lipophilicity of the
drug, degreasing the skin surface might help drug
penetration, although to date no specific clinical
comparison of pretreatment care has been reported
for either ALA or MAL.
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Occlusion is known to reduce transepidermal
water loss, hydrating the stratum corneum and
generally enhancing drug penetration, especially
for hydrophilic molecules such as ALA.**** Of the
18 publications, 10 recommended occlusion for their
patients during drug incubation, '#1%1823:3942 of
note, the desired route of ALA or MAL uptake for
acne therapy may be directly into hair follicles rather
than through the stratum corneum. Occlusion could
perhaps lead to a less selective distribution of por-
phyrins; therefore, follicular uptake can be rapid and
depends largely on the solvent(s) into which the
drug is compounded. At neutral pH, ALA is an ion
that can be driven into human skin rapidly by
iontophoresis.*> Tontophoresis may affect the distri-
bution of ALA and therefore porphyrin synthesis in
skin, but this hypothesis has alsc not been studied,
and iontophoresis has not been used in any studies
of ALA PDT for acne treatment.

SIDE EFFECTS

Key points

¢ Pain, acute inflammatory skin reactions, and
transient skin tanning are the most common
side effects of ALA PDT or MAL PDT

¢ Patients should be advised to avoid bright
light exposure after treatment because of
persistent phototoxicity up to 48 hours

¢ Pain is worse at the beginning of light irra-
diation and can be reduced by using cooling
fans and water spritzing

¢ Allergy to ALA or ALA derivatives is rare

Side effects of ALA PDT or MAL PDT with topical
use for acne treatment are apparently related to the
accumulation of porphyrins in the epidermis. Also,
the intensity of side-effects is related to light source
and light dosimetry. High-dose red-light PDT has
more evidence of long-term efficacy, but it is also
associated with higher rates of side-effects. In gen-
eral, the risk of permanent side effects, such as
ulceration and scarring caused by ALA or MAL PDT,
is extremely low, but inflammatory and pigmentary
side effects are common. Scarring is very
rare'®23%% and has only been reported once."?
Adverse effects include moderate to severe pain
during treatment (common), erythema (common,
typically reported to last 3-5 days, but occasionally
up to 4 weeks), edema (common, typically 1-4 days
after treatment), formation of blisters (rare), sterile
pustular eruption (starting on the second or third day
posttreatment, lasting typically 3 days, after high
fluence red light PDT), and crusts (30% of patients,
starting on the second to fourth posttreatment day),
purpura, acute transient acne flare (3-4 weeks
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Fig 3. Improvement of inflammatory acne and cicatricial lesions after topical application of
20% 5-aminolevulinic acid (ALA) for 3 hours of incubation under occlusion and 200 J/cm? of
633 nm red light (Omnilux; Photo Therapeutics, Cheshire, UK) at 100 mW/cm? A, Before
treatment. B, Immediately after the first session. C, Two days after the first session. D, Seven
months after the first session and before the second session. E, Ten months after the first
session, 3 months after the second session. F, One year and 2 months after the first session, after
total of four sessions. Note the important inflammatory reaction after high dose red light ALA
photodynamic therapy, with no long lasting side effects. (Courtesy R. Rox Anderson, MD.)

posttreatment), exfoliation (4-10 days), contact hy-
persensitivity/irritation (rare, lasting ~ 10 days), post-
inflammatory hyperpigmentation for 4 weeks to 3
months, #4124 4nd induction of herpes simplex
eruptions in predisposed patients. For those, antivi-
ral prophylaxis is recommended. The side effects
may affect the patient’s social life and comfort.
Covering the treated areas with make-up or missing
work/school for 1 to 7 days after treatment is often
necessary (Fig 3), depending on the dosimetry used.

Pain is a practical problem during treatment with
continuous sources at high irradiance, such as LEDs,
lasers, and fluorescent and filtered lamps. Pain is
much less with pulsed sources, but these may be
much less effective. Pain usually begins as a tingling
sensation within a minute of light exposure, reaches
a maximum within several minutes, and then sub-
sides as the porphyrin is photobleached. Cessation
of light exposure generally relieves the pain within
seconds, which is consistent with direct neural stim-
ulation. Pain can be a cause for discontinuation of

treatment. For unknown reasons, the pain during
PDT is greatly minimized by spritzing cool water and
by applying strong ventilation with a fan.'*'*3! In
our practice (unpublished data), the use of a skin
cooling device (Zimmer; MedizinSystems, Irvine,
CA) and lowering the room temperature to 20 °C
have helped patients deal with the pain. The photo-
chemistry of PDT is not inhibited by skin cooling, but
porphyrin synthesis is potently inhibited at temper-
atures <20 °C.“>%7 Ppatients should be kept warm
during the incubation period between drug applica-
tion and light exposure. Pain during light exposure
can also be reduced by lowering the source
irradiance.

The use of topical anesthetics to reduce pain,
applied during the incubation time, is difficult
because of mixing the anesthetic and ALA, which
may form a precipitate salt. In addition, the use of
topical anesthetics after the ALA incubation time has
been shown not to be effective in a randomized
placebo controlled study for the treatment of scalp
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actinic keratosis.*® Injection anesthesia can be per-

formed, but epinephrine should not be included.
Despite the lack of a specific study, clinical experi-
ence strongly suggests that the efficacy of PDT is
inhibited when epinephrine is used (unpublished
observations), and in general photodynamic pro-
cesses in skin are inhibited by simple ischemia.**° It
is well established that PDT is an oxygen-dependent
process that is limited by vasoconstriction and
hypoxia.**

Complete healing is normally seen 1 week after
treatment, but erythema and hyperpigmentation
similar to a “tan” can persist up to 4 weeks after
the treatment, especially in darker skin types.
Surprisingly, the postinflammatory hyperpigmenta-
tion often reported with laser-based treatments has
never been described following ALA PDT, including
in Asian skin.”® One hypothesis for this is related to
the mechanisms of cell death involved. Thermal
damage from laser treatments causes acute cell
necrosis, while oxidative damage from PDT tends
to induce apoptosis.**

Anecdotal recommendation of the use of sun-
screens after treatment in order to prevent sun-
related side effects™® is not supported, because por-
phyrins are present in the skin up to 24 to 48 hours
after drug application, and sunscreens do not effec-
tively block the visible light wavelengths. Physical
inorganic sunscreen containing 15% titanium diox-
ide, 6.8% zinc oxide, and 3.2% iron oxide may
produce blue light protection (up to 37 J/cm?) after
18 hours of drug application,’® but other visible
wavelengths were not tested for phototoxicity.
Therefore, intense visible light avoidance is recom-
mended during this period. “‘Sunless tanning” creams
containing dihydroxyacetone are mildly protective
for porphyrin-mediated photosensitivity, have the
advantage of lasting for about the same duration as
ALA-induced skin photosensitivity, and help to
camouflage the acute skin reaction (unpublished
observation).

Allergy to ALA is exceedingly rare, and perhaps
nonexistent because ALA is naturally present in all
cells. Allergy to ALA derivatives is rare. Allergic
reactions have been reported while using topical
MAL for treatment of various skin conditions with
positive patch test, with a possible correlation to
drug concentration.””>> Severe contact dermatitis
with intense pain was observed after drug and light
irradiation in those patients. The allergen was
apparently the methyl-ester of ALA itself rather than
a component of the topical formulation. Peanut oil
(arachis oil) did not show any reaction in a patient
with positive test to MAL.>> Of 667 patients treated in
2006 in Copenhagen with MAL PDT, four patients
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(0.6%) were suspected to have an allergic reaction.
Of these, three (0.4%) had positive patch test reac-
tions against MAL, and ALA patch test reactions were
difficult to analyze, because ALA’s acidity also caused
an irritant reaction.>® Utticaria was reported in 12 of
1353 patients (0.9%) treated with MAL between 2002
and 2007.%” In contrast, only one paper has described
allergic contact dermatitis with positive patch test
using 20% topical ALA,”® and two reports of photo-
contact urticaria after ALA PDT>%° were found in the
literature to date. There are no reports of hypersen-
sitivity reactions after ALA PDT for acne.

HOW LONG BETWEEN DRUG

APPLICATION AND LIGHT IRRADIATION?

Key points

o After drug application, time should be al-
lowed for penetration and metabolism to
porphyrins before beginning light exposure

¢ Long incubations (=3 hours) followed by
red light exposure have shown evidence of
long-term acne remission for both ALA PDT
and MAL PDT

In an attempt to minimize the epidermal adverse
effects and reduce the time spent with patients in the
office, some reports have suggested shortening the
time between ALA application and light exposure
(called “short-contact PDT”) from hours to 10 to
30 minutes and have suggested the use of lower
fluences or other light sources, including IPL, PDL,
and blue light, among others, 26303442 Despite opti-
mistic case reports published by a handful of authors,
these studies are uncontrolled, retrospective case
series, and/or combine PDT in an uncontrolled way
with microdermabrasion or chemical peels that
would individually improve acne, use poorly char-
acterized light sources,” feature poor statistical
analysis, and/or have a short follow-up time of
only a few weeks. No improvement is reported in
about 20% to 30% of the treated patients.%’28 The
lack of quantitative endpoints or blind assessment
and the absence of control groups or untreated
control skin sites make it impossible to exclude
observer bias, placebo effects, or random individual
variations as an explanation for the outcomes.
Furthermore, many of these studies analyze sun-
exposed areas, such as the face, without controlling
sun or other light exposures after treatment, thereby
causing confusion about whether PDT performed in
the office or the prolonged photosensitizing effect of
ALA with environmental light is responsible for
efficacy. PDT reactions induced by ambient light
can occur 24 to 48 hours after drug application.®
While in a practical sense it may be advantageous to
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use natural light for enhanced efficacy, this hypoth-
esis has not yet been tested. In an attempt to
reproduce the results using such various protocols,
Yeung et al’" analyzed three patient groups: those
treated with an IPL (530-750 nm), those treated with
IPL and an ALA methyl-ester (30-min incubation),
and a control group without treatment. There was no
statistical difference between the treated and the
control groups.*

The reported efficacy of these short-contact an-
d/or alterative light source protocols for ALA PDT or
MAL PDT is much less than those initially described
in well controlled studies using long application
(3-4 hours) and high fluence red light. Consequently,
there is some scientific skepticism about such mo-
dalities. These office-based practice adaptations of
PDT have apparently reduced the efficacy and du-
ration of benefit of acne treatment, led to confusion
over treatment parameters, and contributed to a lack
of therapeutic consensus. The clinical motivation for
these studies must be respected, however—a faster,
better tolerated form of PDT that fits the routine of a
busy dermatology practice and maintains high eftfi-
cacy is clearly needed.

SUMMARY AND FINAL CONSIDERATIONS

Key points

¢ Clinical results depend on the way PDT
treatment is performed, including skin prep-
aration, which drug is applied and for how
long, whether skin occlusion is used, light
source, and light treatment parameters

¢ By manipulating these variables, PDT can be
performed in a wide variety of methods

¢ PDT for acne treatment has not been opti-
mized. Basic, preclinical, and clinical
research may lead to substantial improve-
ment and to a knowledge of how this treat-
ment fits into the broader armamentarium

The search for prolonged or permanent results
akin to oral retinoid therapy but with minimal side
effects is still a challenge. ALAPDT and MAL PDT are
indeed very promising, from the point of view that
these are the only modalities (other than oral reti-
noids) that have been shown to inhibit sebaceous
gland function and to produce prolonged remission
of acne vulgaris. Using high fluence red light after
long incubation periods ( = 3 hours) and for multiple
sessions, PDT has apparently similar efficacy to the
clinically and histopathologically proven use of oral
isotretinoin in inflammatory acne'?1823 (Fig 3).
However, treatment using long application time
and high fluence red light also causes pain and
inflammatory and pigmentary side effects.
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A direct comparison of ALA PDT or MAL PDT with
oral isotretinoin is lacking. For patients with severe
acne, it is unknown whether the efficacy and side
effects of PDT are preferable to the efficacy and
intense dryness, systemic side effects, and risk of
birth defects from treatment with oral retinoids. Is a
series of several painful PDT sessions with a drug
costing more than $100 per dose—in an off-label
treatment not routinely covered by medical insur-
ance—better than taking isotretinoin with all its
attendant legal issues, blood tests, and side effects?
In practice, the answer depends on both individual
patients and practices. PDT with topical porphyrin
precursor drugs can be a good therapeutic alterna-
tive in countries where oral isotretinoin is prohibited
(such as Japan); in patients with acne refractory to
conventional therapies, those with multiple bacterial
antibiotic resistance, or those who are unable or
unwilling to use oral isotretinoin; in women who
intend to get pregnant; or in any patient who cannot
tolerate isotretinoin. It is important to note, however,
that neither ALA PDT nor MAL PDT has been studied
for use in pregnant women (pregnancy category C;
there are no adequate well controlled studies in
pregnant women). PDT for acne is an “off-label”
indication in the United States, where PDT is pres-
ently approved only for actinic keratosis.

Porphyrins are naturally found in humans and
appear to be relatively safe compared with systemic
retinoids and many antibiotics. Even in patients with
various forms of porphyria, a lifetime of endogenous
PDT does not, apparently, cause skin cancer.
Toxicity or mutagenesis risks from PDT are improb-
able and have never been described. Some patients
may also benefit aesthetically from ALA PDT of MAL
PDT for acne, which has been associated with
reduction of skin oiliness, “pore” (sebaceous follicle)
size, and skin texture i1r1r1p1rove1r1rlent.61 On the other
hand, beneficial effects of PDT have not been
observed for comedonal acne.*!4

CLINICAL RESEARCH STRATEGY:
ANSWERABLE AND IMPORTANT
QUESTIONS

While it is clear that high-dose, long contact time,
and high fluence light exposure is highly effective for
acne treatment, none of those factors (drug dose,
contact time, or light fluence) have been systemati-
cally studied in a dose-response fashion. Evidence to
date from studies of both retinoids and PDT suggests
that prolonged remission of acne requires suppres-
sion of sebaceous gland function. Potentially, sebum
secretion could provide a quantitative surrogate
measurement %% to rapidly optimize PDT for
acne therapy before definitive clinical trials. This
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strategy has apparently not yet been taken. In addi-
tion, there appears to be at least two mechanisms
responsible for improvement after PDT. While sup-
pression of sebaceous gland function accounts for
long-term benefit, the (probably several) mechanisms
for temporary improvement are unknown. The his-
tory of acne drug development includes excellent
quantitative pharmacologic, microbiologic, and path-
ophysiologic studies, the methodology of which
could be applied to optimize “low-dose” PDT.

Finally, different acne severities deserve different
solutions. For patients with severe, recalcitrant, scar-
ring acne who cannot take oral retinoids, even a
painful and expensive office-based procedure that
works well would be seen as miraculous. For most
patients with mild to moderate nonscarring acne,
office-based procedures are unlikely to compete
with conventional over the counter and prescription
treatments. The paucity of well designed studies
using short contact PDT and pulsed light sources—
ideas that are largely aimed at clinical practicality in
the office setting—does not mean these ideas should
be abandoned. But does PDT have to be an office-
based procedure? It is now, for historical reasons—
ALA PDT was first developed as an alternative to
surgery, for treating cancer—and that mentality has
dominated its development. The fact that sunlight
alone improves acne, in the absence of any ALA,
strongly suggests that “ambulatory PDT” with a low
concentration of ALA could be practical. Who knows
how little ALA is needed to improve the already
useful action of sunlight (which, as noted above,
does not require any harmful ultraviolet light wave-
lengths)? If sunlight is acting mainly by antimicrobial
effect, even low-dose ALA is likely to improve the
effect of sunlight. P acnes, a facultative microaero-
philic organism, depends on high levels of heme
synthesis and is directly accessible to topical ALA.
There is plenty of blue, green, yellow, and red light
irradiance in sunlight at the porphyrin absorption
bands to activate PDT. Furthermore, during light
exposure, PDT predictably “turns itself oft” because
of photobleaching as discussed above. When the
porphyrin content is safely low enough (as would be
the goal for ambulatory PDT), the need for con-
trolled light dosimetry is removed. Could ALA be
mixed at low concentration with a sunscreen prep-
aration, for those who want to treat acne while
jogging on a sunny day? We make these speculations
for academic interest, and do not suggest trying this
until proper clinical studies are performed!
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