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Background and Objectives: The near-infrared (NIR)
laser radiation due to its high penetration depth is widely
used in phototherapy. In application to skin appendages, a
high selectivity of laser treatment is needed to prevent light
action on surrounding tissues. Indocyanine green (ICG) dye
may provide a high selectivity of treatment due to effective
ICG uploading by a target and its narrow band of considerable absorption just at the wavelength of the NIR diode
laser. The goal of this study is to demonstrate the efficacy of
the NIR diode laser phototherapy in combination with
topical application of ICG suggested for soft and thermal
treatment of acne vulgaris.
Study Design/Materials and Methods: Twenty-two
volunteers with facile or back-located acne were enrolled.
Skin sites of subjects were stained by ICG and irradiated by
NIR laser-diode light (803 or 809 nm). One mg/ml solution
of ICG was applied for 5 or 15 minutes to the cleaned skin
site. Untreated, only stained and only light irradiated skin
areas served as controls. For soft acne treatment, the lowintensity (803 nm, 10–50 mW/cm2, 5–10 minutes) or the
medium-intensity (809 nm, 150–190 mW/cm2, 15 minutes)
protocols were used. The single and multiple (up to 8–9)
treatments were provided. The individual acne lesions
were photothermally treated at 18 W/cm2 (803 nm,
0.5 seconds) without skin surface cooling or at 200 W/cm2
(809 nm, 0.5 seconds) with cooling.
Results: The observations during 1–2 months showed that
soft acne treatment decreased the number of active elements, reduced erythema and inflammation, and considerably improved the skin state without any side effects. At
high power densities (up to 200 W/cm2), ICG stained acne
inflammatory elements were destroyed for light exposures
of 0.5 seconds.
Conclusions: Based on the concept that hair follicle,
especially sebaceous gland, can be intensively and selectively stained by ICG due to dye diffusion through pilosebaceous canal and its fast uptake by living microorganisms,
by vital keratinocytes of epithelium of the canal and
sebaceous duct, and by rapidly proliferating sebocytes,
new technologies of soft and thermal acne lesions treatment
that could be used in clinical treatment of acne were
proposed. Lasers Surg. Med. 33:296–310, 2003.
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INTRODUCTION
Acne vulgaris is the most common skin appendage
disease seen in dermatological practice [1,2]. This is a
follicular disorder that affects susceptible pilosebaceous
follicles, primarily of the face, neck, and upper trunk, and is
characterized by both non-inflammatory and inflammatory
lesions. Abnormal keratin production with obstruction
of the follicular opening, increased production of sebum
(lipids secreted by the androgen-sensitive sebaceous
glands (SG)), and proliferation of Propionibacterium acnes
(P. acnes) leading to inflammation play the main role in the
disease development.
The obstructed SG with accumulated sebum provides an
ideal medium for proliferation of comensual bacteria,
including P. acnes. The SG enlarges and forms a pimple,
which is termed white head. When the SG ruptures, there is
invasion of sebum/bacteria mixture to the surrounding
matrix. Another clinical manifestation of acne is black
head. Black head is an open comedo consisting of a plugged
SG with melanin or oxidized melanin.
Treatment of acne may consists of treating the four
underlying causes and symptoms:
1. Suppression of P. acnes by limiting its growth or by
increasing the kill rate of the bacteria.
2. Reduction of sebum excretion rate by decreasing the
proliferation, or by increasing the rate of sebocyte
apoptosis or/and necrosis.
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3. Reduction or arrest of follicle ductal hypercornification.
4. Reduction or complete resolution of the inflammatory
response in the dermis and epidermis surrounding the
follicles affected by acne.
Until now, the main method of acne treatment is antibiotic treatment [1–3]. However, bacterial resistance is an
increasing problem [4,5]. Therefore, various new therapeutic possibilities using light irradiation were intensively
studied [6–15]. Therapies using UV and/or visible light
were suggested. Recently, it has been shown that irradiation of P. acnes with UV (320–360 nm), white (halogen
lamp), blue (415 nm), and/or red (660 nm) light, and corresponding light treatment of acne leads to different
effectiveness of bacterial damage and improvement of acne
in dependence of light wavelength and irradiation dose [8–
10]. Visible light treatment is apparently attributed to
photodynamic stimulation of aporphyrins stored in P. acnes
(415 nm) and stimulation of fibroblast proliferation
(660 nm).
Photodynamic therapy (PDT) is a well-known procedure
used for recovery of many abnormalities including tumors
and other diseases. PDT causes a repairable injury (local
changes of the cell (bacteria) redox state) as well as irreversible damage leading to cell (bacteria) death [16,17].
The main toxic agents produced by PDT are singlet oxygen
or other reactive oxygen species such as hydroxyl, superoxide, and hydrogen peroxide radicals that oxidize biological molecules. Oxidative damage has been shown to
induce members of a family of stress proteins known as
heat shock (HSP) and glucose-regulated proteins (GRPs)
that are present at low constitutive levels in normal
cells [18,19].
To enhance photodynamic bacteria killing and to provide
effective modification of SG apparatus, exogenous or
inductive-exogenous, like aminolevulinic acid (ALA), were
used [9,12,13]. Other dyes activated by visible and NIR
laser irradiation might be also used to kill P. acnes and to
modify SG. Such optical range is preferable due to high
penetration depth of light within a tissue. For example, in
paper [14] effective photoinactivation of P. acnes stained by
methylene blue (MB) and irradiated in red spectral range is
described.
Indocyanine green (ICG) and near infrared laser irradiation were successfully used to destroy some kinds of
tumors and cancer cell cultures due to wavelength selected
thermal and photodynamic effects [20–22]. ICG is tricarbocyanine dye with strong absorption bands between
600 and 900 nm [23,24]. Recently, application of ICG and
diode laser irradiation for acne treatment was described as
a new approach based on selective photothermolysis of the
SG [15].
The photodynamic properties of ICG have been investigated in vitro [25–27]. Based on these studies and accounting that local hyperthermia may induce cell apoptosis [28],
we may hypothesize that photodynamic and/or local photothermal reactions kill the pathogenic bacteria as P. acnes
and modify SG apparatus functioning. Indeed, to interact
with NIR light deeply penetrated within tissue SG should
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be effectively targeted by ICG. Fortunately, it was recently
shown that topically applied ICG is effectively accumulated
into SG [15,29,30].
Lasers have been used to correct a wide variety of congenital vascular disorders under the skin surface [13,31,
32]. The absorption of light by hemoglobin, melanin, and
water are typically used for the particular opto-thermal
treatment (photothermolysis). To enhance the effectiveness and selectivity of photothermolysis method of selective
targeting of skin appendages by various dyes, absorbing and magnetic particles incorporated in lotions, oils,
nanoemulsions, and microspheres was recently designed
in the framework of hair removal and skin phototherapy
[12,13,29,30,33–37]. It was shown that some dyes and
absorbing compositions, including MB and ICG, are
well concentrated within a SG of the human skin at
topical administration and can be used for effective
thermolysis or photodynamic damage of P. acne or glands.
ICG has a number of advantages due to its low toxicity,
extraordinary absorption within a therapeutic window
around 805 nm, where powerful diode lasers are available,
and rather high efficiency of photodynamic action [25–
27,38,39]. Therefore, ICG application for acne treatment is
preferable.
To optimize light delivery to the target many studies on
control of tissue optical properties were recently performed
[40–46]. The selective translucence of the upper tissue
layers is a key method for phototherapy techniques requiring optical access into underlying tissue layers. The marked
reduction of scattering by matching the refractive indices of
scattering centers and ground matter by means of intratissue administration of appropriate chemical agents was
demonstrated.
The ICG dye lotion penetrates along a hair shaft to the
soft non-keratinized tissues, in particular to SG. The depth
and time of dye penetration for terminal hairs are about
1 mm and 5–15 minutes, respectively [30]. SG accumulate
dye for some time interval t before it will be washed out by
blood circulation. This time interval can be estimated using
the diffusion coefficient of ICG glycerol–water–ethanol
solution in the living dermis (D ¼ 2.6  106cm2/s), t  l2/
D  1.5 hours, where l is the mean distance from SG to blood
vessels [30,44,47]. In general, similar behavior is expected
for the beard, vellus, and sebaceous follicles. For example,
for a vellus follicle, which has rather small pore and
thin miniscule hair incubated in it, such small pore may be
sufficient to have the same rate of staining like for a
terminal hair follicle [30]. Sebaceous follicles have very
large pores, long canal free of hair, two or more sebaceous
ducts, therefore, much higher staining efficiency is
expected.
At acne, there are expected additional targets and paths
for ICG staining of acne lesions, like black head (an open
comedo consisting of a plugged SG with melanin or oxidized
melanin) or the SG rupture (invasion of sebum/microorganisms mixture to the surrounding matrix). ICG can be
effectively bound by melanin due to melanin’s unique highaffinity sites for the binding of a large number of organic
molecules, including dye-like materials [48].
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We conducted this study to test methods of soft and
photothermal action of NIR laser irradiation on SGs
stained by ICG for the treatment of acne vulgaris.
MATERIALS AND METHODS
Methods
The present study is based on a few biophysical phenomena: (1) the selective targeting of skin appendages by dyes
incorporated in a lotion, (2) reduction of scattering properties of skin by refractive index matching of scatterers (cell
components, collagen fibrils, etc.) and ground (interstitial)
media, and (3) optically induced bacteria and/or tissue cell
damage and/or killing via apoptosis and/or necrosis (photodynamic and photothermal effects).
Method uses biocompatible chemical carriers and enhancers of skin and cells permeability, like ethanol, propylene
glycol, glycerol, to provide maximal concentration of dye
within a target tissue component (sebaceous gland) and/or
bacteria within a short time period. Skin heating and massage were also used to increase dye diffusivity. Some of
these agents also serve for enhancement of light penetration into skin (glycerol and propylene glycol) due to optical
immersion effect.
The staining procedure includes the skin site cleaning by
ethanol, followed removing of sebum and the upper layer of
keratinocytes by a topical application of 3% hydrogen peroxide, deep cleaning of epidermis (particularly a keratinized
epithelium of pilosebaceous canal) provided by the usage
of cosmetic scrub or cream for peeling. Finally, 1 mg/ml
solution of ICG in mixture with ethanol, glycerol, propylene
glycol, and distillated water is applied for 5 or 15 minutes to
the cleaned skin site. To minimize blocking of the irradiating light and overheating of the superficial skin layers, dye
solution is carefully removed from the skin surface by
ethanol immediately after staining.
Diode-Laser Systems and Irradiating
Protocols for Acne Treatment
For photodynamic and photothermal treatment of acne,
two laser-diode systems were used. The OPC–BO15–
MMM–FCTS diode laser (Opto Power Corp., Tucson, AZ)
working at 803 nm providing at a distance from a fiber tip a
rather big and smooth illumination area with power density
up to 50 mW/cm2 was used for the low-intensity soft acne
treatment. The 90 W Palomar diode-laser system ASAH
430P (Palomar Medical Technologies, Inc., Burlington,
MA) with a water-cooled hand-piece, originally designed
for hair removal and correction of a wide variety of
congenital vascular disorders, working at 809 nm was used
for medium-intensity soft and thermal acne treatment.
To provide smooth and controlled power density (up to
190 mW/cm2) at large areas of the skin surface as a handpiece, the fiber-optic-Fresnel’s lens (LightCube) assembling
was used (see, Fig. 1).
For photothermolysis of acne lesions, OPC–BO15–
MMM–FCTS diode laser (803 nm) was used at a short
distance from the fiber tip to the skin surface providing a
light spot of about 5 mm. No skin cooling was applied. The

Fig. 1. Universal infrared (809 nm) diode-laser system for soft
acne treatment: 1, ASAH 430P laser; 2, optical fiber; 3, fiber
mode mixer; 4, Fresnel’s lens (LightCube); 5, moveable support; 6, patient.

original ASAH 430P diode-laser system (809 nm) with a
water-cooled hand-piece of 4 mm in diameter was also
explored for lesion coagulation.
Four different irradiating protocols were tested keeping
in mind future fields of laser acne treatment procedures
suitable for ambulatory or home use. For soft acne treatment, two protocols were used—low-intensity and mediumintensity. Low-intensity protocol was realized at laser
power densities of 10–50 mW/cm2 (803 nm) on the skin
surface and time exposures of 5–10 minutes, and mediumintensity protocol at 150–190 mW/cm2 (809 nm) and
exposure of 15 mm.
Photothermolysis was realized also using two protocols:
(1) without skin surface cooling by irradiating the skin site
by the laser beam (803 nm) at 18 W/cm2 during 0.5 seconds;
and (2) with skin surface cooling by irradiating the skin
site by the laser beam (809 nm) at 200 W/cm2 during
0.5 seconds. The individual acne lesions were treated.
Testing of Recovery
Treatment effects were determined using the comparison
of the patient’s scores from each follow-up visit to the
baseline scores, which were documented using Nikon
Coolpix 990 (Japan) digital camera. Clinical evaluation of
changes in acne compared with the baseline was visually
assessed using fixed-magnification photographs taken at
standard illumination of the typical skin sites of 4  5 cm2 or
3  4 cm2. A linear polarizing filter (Crystal Optics, Japan)
was placed on the lens to reduce specular reflection from the
skin surface. To look deeper into skin, in particular to see
blood supply of lesions, a cross-polarized mode of digital
photography (polarized light illumination and cross-polarized detection) was used [12].
When lesion area was sufficiently big the comparison
of four skin sites: ICG-light treated, only ICG stained
(control), only laser irradiated (control), and untreated
(control), was done. Usually these sites were chosen on the
neighboring and/or symmetric areas of the skin (left and
right cheeks or parts of chest and back). For each score,
at least two sites (ICG-light treated and untreated)
were photographed and analyzed. The comparison of the
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baseline, the single-treatment, and multiple-treatment
groups using photographs was also done.
For objective testing of recovery process, measurements
of status of microflora using fluorescence technique and
sebum excretion rate using sebum-absorbent tape were
provided. For testing of microflora, fluorescence images of
skin excretion on a glass plate (2.5  7.5 cm2) were captured
before and after acne photo-treatment. For sampling, a
glass plate was pressed to the skin surface for a few seconds.
The orange-red fluorescence (above 590 nm) was detected by the luminescence microscope Lumam RPO-11
(LOMO, St. Petersburg, Russia) with optical filters at
excitation on 400–420 nm.
Sebum-absorbent tape (Sebutape ViewPro-Kit S111,
CuDerm, Dallas, TX) was used for non-invasive and easy
evaluation of patient’s sebum output before and after the
treatment. The subject’s skin within the site of treatment
was cleaned thoroughly with cotton pads soaked in 90%
ethanol. When the skin was completely dry, the adhesive
patch Sebutape was adhered to this site for an hour. After
removal from the skin, the tape was placed on a clear card
for the photometer analysis. During the contact with the
surface of the skin, the micro-pores of the patch are filled up
with sebum. Oiliness is revealed as transparent spots on
the white (scattering) background. We measured the
optical transmittance of the patches with the photocolorimeter FK-120 (Russia). As a reference the transmittance of
a clear card was used.
Subject Selection
Twenty-two subjects of both sexes with light to severe
acne vulgaris enrolled between February and June 2001,
October and November 2001, and March–April 2002 were
separated in four groups: I—light (grades 0.25–0.75), II—
moderate (1.0–1.5), III—moderate–severe (2.0–3.0), and
IV—severe (4.0–8.0) graded in accordance with classification of Burke and Cunliffe (1984) [2]. For group I—open and
closed comedones (1 mm in diameter), single small
papules and pustules (or pimples, white heads) (1–2 mm)
with 1–2 active elements within the area of 4  5 cm2 were
seen. Open (black heads) and closed comedones (1 mm),
a number of papules and pustules (2–5 mm), macules, postinflammatory pigmentation spots, and small scars
(increased tissue formation or loss of tissue) with 2–3
active elements within the area of 4  5 cm2 were typical for
group II. Numerous, partly integrated papules and pustules (5–10 mm), macules, post-inflammatory pigmentation spots, and scars with 2–3 active elements within the
area of 4  5 cm2 were found for group III. Quite large
papules and pustules (10–20 mm), sinuses, cysts, macules,
post-inflammatory pigmentation spots, and scars; highly
inflammatory acne covering the most of the face, neck,
chest, and back, with 4–5 active elements within the area of
4  5 cm2 were characteristic for group IV.
People were excluded if they had used any topical
acne treatment, systemic antibiotics in the past 2 weeks,
or systemic retinoids in the past year. People who plan
to have excessive sun exposure, or with history of keloid
or photosensitivity disorder, pregnant and lactating
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women, and mentally incompetent subjects were also
excluded.
Subjects were randomly divided into single-treatment
and multiple-treatment groups. Each patient’s affected
area was typically divided into two 4  5 cm2 (or 3  4 cm2)
areas—one for combined ICG and NIR laser treatment
and another for control. Sites were marked with a marker
to precisely relocate each test area. At baseline clinical
evaluation was performed. When the area with acne lesions
was rather large (typically patient’s back), it was divided
into four 4  5 cm2 (or 3  4 cm2) areas for providing more
objective control: areas for combined ICG and NIR light
(treatment), for ICG only (control), for laser light only
(control), and free of any action (control).
Usually, in the multiple-treatment group subjects were
treated twice per week for four consecutive weeks. In both
groups, clinical evaluation of treatment was carried out
weekly for a month or 2 months after the last treatment.
RESULTS
Soft Acne Treatment With Low Light Intensity
The absorption spectra of staining lotions at ICG concentration of 1 mg/ml are presented in Figure 2. The
glycerol–ethanol–propylene–glycol–water solution as the
most efficient staining lotion for diode laser therapy was
used in this work [30]. In tissues and cells, the IR ICG
absorption peak moves to longer wavelengths, 805–810 nm,
due to binding with cell proteins [25,47–50], that makes
light-tissue interaction mediated by ICG more efficient for
diode lasers with 809 nm.
Preliminary control studies were performed for group of
six patients with acne vulgaris of different severity of the
disease: light acne—2 patients (1 male and 1 female);
moderate acne—1 patient (female); moderate-severe
acne—2 patients (1 male, 1 female); severe acne—1 patient
(male). The treatment was carried out separately by application of ICG lotion or laser irradiation at 803 nm. The

Fig. 2. Absorption spectra of indocyanine green (ICG) invarious solvents at concentration of 1 mg/ml (1, ICG in glycerol–
ethanol–propylene–glycol–water solution; 2, ICG in glycerol;
3, ICG in propylene glycol; 4, ICG in ethanol; 5, ICG in water).

300

TUCHIN ET AL.

time of staining was 5 minutes. The time of irradiation
varied from 5 to 10 minutes, and power density of
irradiation varied from 10 to 50 mW/cm2. Total number of
treatments varied from 1 to 3. Results of the observations
have shown that at the separate application of dye or laser
radiation no noticeable improvement of the skin lesions was
seen for all patients.
Combined ICG-laser treatment at 803 nm was performed
for 12 subjects of both sexes with different severity of acne
vulgaris. The ages of volunteers were from 17 to 27 years.
The skin lesions were localized on subjects’ faces or backs.
The staining time was 5 minutes. The exposure time and
power density of irradiation were varied.
Group I. Localization of acne elements was on the
forehead or back. Total number of treatments varied from 1
to 4, power density of laser radiation was 10 mW/cm2, time
of exposure was 5 minutes. Observation of the patients and
repeated treatments were carried out weekly.
It was found that treatment of young patients having
light form of acne vulgaris is positive, but not very effective.
In a week after the treatment a light recovery was watched:
initial erythema (inflammation) around acne lesions decreased, elements flattened, and new elements did not
appear. In general, healing was demonstrated for used light
dosage, but effect was rather light and in 2 weeks new
elements and erythema reappeared.
Group II. Facile localized elements were treated. Total
number of treatments varied from 1 to 4, power density of
laser radiation varied from 10 to 50 mW/cm2, time of exposure was in the range 5–10 minutes. Observation of the
patients and repeated treatments were carried out weekly.
In a week after the single treatment initial erythema
(inflammation) decreased, elements flattened and new
elements did not appear. On the sites of old elements
macules remained. In 2 weeks, new elements appeared and
erythema (inflammation) reappeared. After repeated treatments, new elements did not appear in 2–3 and more weeks
in dependence on the number of treatments and power
density. The macules and post-inflammatory pigmentation
lightened and disappeared. In a month after 4th treatment,
elements appeared but the state of lesions was lighter than
the initial ones.
Group III. Localization of elements was on the face,
neck, back, and chest. Total number of treatments varied
from 2 to 9, power density of laser radiation varied from 10
to 50 mW/cm2, time of exposure was 5–10 minutes. Observation of the patients and repeated treatments were
carried out weekly. After 4th treatment for one patient,
number of treatments was increased to twice per week.
In 1 week after the single treatment initial erythema
(inflammation) decreased, elements flattened and new elements did not appear. On the sites of old elements macules
remained. For patient of 23 years, who was available for the
further studies, in 2 weeks new elements appeared and
erythema (inflammation) reappeared. After four weekly
treatments, new elements did not appear during 1 month,
the macules and post-inflammmatory pigmentation lightened and disappeared, then elements appeared again but
lesions was much lighter than the initial ones.

For each treated group, the bigger light dose caused more
pronounced healing of lesions. For used light exposures and
power densities no threshold effect was found. The multiple
photo-treatments showed significantly more improvement
than the single one. Positive effect retained in about a
month after the finishing of procedure. After the single
photo-treatment, the positive effect retained typically only
for 1 week to ten days. No significant differences between
the multiple and single-treatment groups were observed in
the other tested sites (control).
Figure 3a–d presents images of two regions of the back of
the subject from group III: treated area and untreated one,
photographed before the treatment (a, c) and in a week posttreatment (b,d), respectively. The photos were made in nonpolarized light. In Figure 3a, the big papule (left-mid) and
pustule (right-up) are seen. During a week after treatment
they are lightened and flattened, the pustule was transformed to the macule (Fig. 3b. Control (Fig. 3c,d has shown
continuation of inflammatory process and appearance of
two new papules.
There was obvious and statistically significant improvement in acne at all follow-up visits after multiple phototreatment. Series of photos in Figure 4 presents the images
of four sites on the back of the subject from IV group. They
were done for the parallel polarizer and analyzer. Each
image corresponds to control and different treatments of
the skin site. In Figure 4a,b, the site treated by ICG and IR
light is shown: a—baseline (before treatment); b—2 weeks
later, during that time four procedures were done. On the
right side of the photo the cyst, which consists of three to
four inflammatory elements is well seen. Two weeks later
no inflammatory elements are seen, erythema decreased
significantly in area and intensity. The crossed-polarized
images allows for more precise estimation of inflammation
areas (Fig. 5a,b). These images are formed mostly by the
back-reflected light from the deeper layers of the skin and
showing the skin blood supply. The boundaries and intensity of inflammation of skin lesions are clearly seen, about
50% decreasing of inflammation spots area was achieved
due to phototherapy, new acne elements did not appear.
Figures 4c,d and 5c,d present images of the untreated
control site photographed in parallel and crossed polarizers, respectively. During 2 weeks, the observed papules
has been transformed into the pustules (not shown), and
mucules (shown) in the course of disease. In general, the
improvement of the state of this skin site was not observed.
Figures 4e,f and 5e,f show the site treated with IR light
only. Initially the state of this skin site was rather satisfactory, i.e., inflammatory process was not observed. During
2 weeks, a few pustules (mostly on the top of the image f)
were appeared. Larger redness area of the skin site is seen
in 2 weeks.
Within the area treated by ICG only (Figs. 4g,h and 5g,h)
we also can see transformation of papules into pustules, no
ICG action is found. Thus, only the combined dye and laser
light treatment gives a well-recognized improvement in
acne lesions within 2 weeks. The other three skin sites
(untreated, light only, and ICG only) watched during
2 weeks showed either transfer to worse status of acne
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Fig. 3. Transient acneiform improvement after a single treatment (ICG and IR light).
a: Baseline of the treated site; (b) 1 week post-treatment; (c) baseline of the untreated control
site; (d) 1 week later. Skin site area of 3  4 cm2. [Figure can be viewed in color online via
www.interscience.wiley.com.]

lesions or were not significantly different from the baseline
for all visits of the patients.
Figure 6 illustrates the possibility of objective monitoring
of results of acne treatment by detection of fluorescence of
skin excretion samples before and after treatment. Orangered fluorescence allows for recognition of P. acnes colonies
taken from the skin site at excitation of bacteria produced
porphyrins. It is well seen that after treatment much low
intensity and smaller areas of fluorescence exhibit on the
samples of skin excretion. Therefore, low-intensity acne
treatment is connected with photodynamic bacteria suppression.
The sebum excretion rate of the treated skin sites determined by using of sebum-absorbent tape was not significantly different from the baseline.
Results of the treatment were more pronounced for
moderate to severe groups of patients, having large inflammatory elements. Only slight improvement of the state
of patients from group I, having mainly open and closed
comedones, was observed. This is just associated with
inhibition of P. acnes inducing inflammation.

Soft Acne Treatment With Medium
Light Intensity
For the medium-intensity treatment, the same procedures for skin sites cleaning and staining as for the lowintensity treatment were used, but to increase the efficiency of follicular tissue, staining exposure to ICG-lotion
was prolonged to 15 minutes. To increase the efficiency
of bacteria killing and to provide additional mechanisms
of acne treatment, much higher power densities of 150–
190 mW/cm2, more precise overlapping of bound ICG
molecular band (810 nm) [50] and laser wavelength
(809 nm), and more prolonged light exposure of 15 minutes
were utilized. Universal infrared diode-laser system with
Fresnel’s lens, presented in Figure 1, was used.
In the study, four volunteers with different severity of the
disease were treated: two females (22 and 29 years) with
moderate acne, one male (16 years) with moderate-severe
acne, and one male (23 years) with severe acne (see,
Table 1). For two first patients (I and II) facile localized acne
elements were treated. Elements were in the form of open
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Fig. 4.
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and closed comedones, papules, and pustules. There were
macules and post-inflammatory pigmentation. For the
patient III facile elements were in the form of multiple
pustules and papules. For the patient IV back-localized
elements were treated. Elements were in the form of quite
large pustules (1–2 cm in diameter), sinuses, and cysts.
Highly inflammatory acne covered most of the face, neck,
chest, and back. There were macules and post-inflammatory pigmentation, and scars.
For each patient total number of treatments were 8–9,
twice per week. The same as for the low-intensity protocol,
only the combined dye and laser light treatment gave a
well-recognized improvement in acne lesions. Observation
of the patients was carried out once per 2 weeks during 1–
2 months after completion of multiple treatment. For all
these patients treatment gave more pronounced, stable,
and prolonged effect than for low-intensity protocol. Images
of patient’s skin before and after treatment illustrate the
efficiency of the designed laser-ICG technique of acne
recovery. More objective representation of results of treatment was done by counting of the number of active acne
elements within the control and treated skin site areas
of 4  5 cm2.
Figure 7 shows the dynamics of results of mediumintensity soft acne treatment in a week and in a month after
completion of multiple treatment. For all four patients
positive effect of treatment was achieved. For three of them,
effect in comparison to control skin sites was rather significant to the 7th day after completion of multiple treatment.
Important to note that control (and initial) skin sites have
their own dynamics of active elements formation, therefore
sometimes, when acne is a developing process, phototreatment could not overcome acne elements development for a
short period after multiple treatment (see, diagrams for
patient I, Fig. 7a). Nevertheless, in a month after treatment
active elements were suppressed for this patient as well.
For two patients (III and IV), which were available for two
months after completion of treatment, approximately the
same positive results during the next month were seen as at
a month after treatment (see, Fig. 7c,d).
The objective monitoring of acne treatment by detection
of orange-red fluorescence of skin excretion samples before
and after treatment and/or for control and treated sites also
allows us to consider photodynamic P. acnes bacteria
suppression as a leading mechanism of acne treatment. In
contrast to low-intensity protocol, the sebum excretion rate
of the treated skin sites determined by using of sebumabsorbent tape was significantly different from the baseline. Less optical transmittance of the patch indicates less
volume of skin surface lipids (sebum excretion). Typical
values for different treated skin sites at moderate intensity
protocol are collected in Tables 1 and 2.
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Results summarized in Table 2 were received for patient
III, when sebum was collected twice per day during 1 week
before treatment and after multiple treatment, which was
done during a week (one procedure per day). Corresponding
images of patient’s skin site before and after treatment are
presented in Figure 8. A recovery process is well seen. Some
discrepancy of the absolute values of sebum samples optical
transmittance for this patient presented in Table 1 and
Table 2 is explained by rather prolonged time difference
between two sets of measurements, more than 3 months,
corresponding to different whether seasons. The first set of
measurements (Table 1) was done in November 2001, and
the second one in March–April 2002. It is remarkable that
for the patients with lighter severity of disease sebum
excretion rate did not change or did change (reduced) only
slightly (about 10%) due to treatment, but for moderatesevere and severe acne reduction of sebum excretion rate is
much higher, up to 40%. This means that more serious
abnormalities of functioning of pilosebaceous apparatus at
severe acne are corrected more noticeably than for lighter
acne with a slightly destroyed apparatus.
Laser Thermotherapy (Photothermolysis)
of Acne
A few skin acne lesions (about 30) of one patient of
23 years with severe acne were treated by photothermolysis. To provide selectivity of photothermolysis, skin was
stained by ICG-lotion for 15 minutes using technology
applied for soft acne treatment. Two protocols were used:
(1) without skin surface cooling by irradiating the skin site
by the laser beam (803 nm) at 18 W/cm2 for 0.5 seconds; and
(2) with skin surface cooling by irradiating the skin site by
the laser beam (809 nm) at 200 W/cm2 for 0.5 seconds.
Using the first protocol, 20 acne elements were treated.
Elements were in the form of pustules. Observations of the
patient were carried out twice per week. Results of the
observations have shown that in 3 days after the treatment,
the top of the pustule dried up. Erythema (inflammation)
decreased. In a week after the treatment erythema decreased greatly. The element flatted and disappeared. In
10 days after the treatment erythema disappeared totally.
Pigmented spot did not arise.
Using the second protocol 10 acne elements were treated.
Elements were in the form of pustules. Observations of the
patient were carried out twice per week. Results of the
observations were identical to results received using protocol I, but after treatment slightly visible scars were found
(see, Fig. 9).
DISCUSSION AND CONCLUSION
To summarize results on the soft low-intensity acne
treatment, we may state that only the combined ICG and

Fig. 4. State of patient’s skin after a multiple treatment. Images are captured in parallel polarizers for four sites on the back of the patient: ICG and IR light (a, baseline (before
treatment); b, 2 weeks later); untreated control place (c, baseline; d, 2 weeks later); IR
light only (e, baseline; f, 2 weeks later); ICG only (g, baseline; h, 2 weeks later). Skin site area
of 3  4 cm2. [Figure can be viewed in color online via www.interscience.wiley.com.]
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Fig. 6. Two fluorescence images of facile skin excretion at glass plate of the patient with acne
vulgaris before (a) and after (b) soft acne treatment by ICG-lotion and laser irradiation at 803
nm. The orange-red fluorescence (above 590 nm) at excitation on 400–420 nm. [Figure can be
viewed in color online via www.interscience.wiley.com.]

laser light treatment gives a well-recognized improvement
in acne lesions. The other skin sites (untreated, light only,
and ICG only) showed either transfer to worse status of
acne lesions or were not significantly different from the
baseline for all visits of the patients. For each treated
group and for used light exposures and power densities no
threshold effect was found; the major light dose gave more
significant therapeutic effect. In general, results of observations have shown that photo-treatment induced decrease
of erythema, flattening and predrying of elements (see,
Figs. 3–5). For single treatment during 1 week to 10 days,
post-treatment new elements as well as papules and
pustules did not appear in most cases. If the elements
appeared, their size was smaller then initial ones. Furthermore, only mild inflammation was observed. Approximately the same clinical results can be received at short
course of antibiotic therapy.
The treatment was more effective for moderate to severe
groups of patients, having large inflammatory elements.
The multiple photo-treatments showed significantly more
improvement than the single one. Positive effect retained
for about a month after the finishing of procedure. In a
month, new elements appeared but the state of lesions was
lighter than initial ones.
The monitoring of bacterial porphyrins fluorescence has
indicated that low-intensity acne treatment is connected
with photodynamic bacteria suppression. The fact that
sebum excretion rate of the treated skin sites determined by
using sebum-absorbent tape was not significantly different
from the baseline also supports the hypothesis that lowintensity acne therapy has a bacterial suppression nature
and does not influence seriously on the sebum excretion

rate and follicle ductal hypercornification, because of insufficient light intensities. Therefore, healing was not
prolonged and multiple treatment was needed.
Photoactivation of ICG by irradiation with a diode laser
(805 nm) effectively kills human keratinocytes due to
formation of reactive oxygen species [27]. Intracellular
uptake is highly cumulative (up to 40-fold at 1 hour of
incubation). Thus, intracellular ICG accumulates by transport against a concentration gradient [25]. To provide
effective cell damage intracellular concentration of ICG,
about 5,000 mM is needed [27], accounting that cumulative effect for 5–15 minutes of cell incubation with ICG
gives at least of three to tenfolds increase in cellular
uptake, applied ICG concentration of 500–1,700 mM (0.5–
1.8 mg/ml) should be good. Therefore, in this paper and in
References [51,52] for acne treatment, lotions with ICG
concentration of 1 mg/ml and staining (incubation) time of
5–15 minutes were used.
At the chosen ICG concentration, doses from 50 to
170 J/cm2 should be sufficient to damage keratinocytes
and sebocytes [38]. It is expected that light doses to damage
bacteria should be lower than for damage of keratinocytes.
Therefre, in this study soft acne treatment at low ICG
intracellular concentration (staining time of 5 minutes) and
lower irradiation density (up to 50 mW/cm2), and irradiation time (5–10 minutes) were effective mostly for bacteria
killing. At 5 minutes of staining at concentration of 1 mg/ml
(925 mM), intracellular (intrabacterial) concentration
should be of 2,800 mM. The irradiation dose in the range
from 15 to 30 J/cm2 should be sufficient to kill bacteria, but
not enough to damage keratinocytes and other tissue
components including sebocytes.

Fig. 5. State of patient’s skin after a multiple treatments.
Images are captured in crossed polarizers for the same four
sites on the back of the patient as presented in Figure 4: ICG
and IR light (a, baseline (before treatment); b, 2 weeks later);

untreated control site (c, baseline; d, 2 weeks later); IR light
only (e, baseline; f, 2 weeks later); ICG only (g, baseline; h,
2 weeks later). Skin site area of 3  4 cm2. [Figure can be viewed
in color online via www.interscience.wiley.com.]
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TABLE 1. Sebum Output Estimation for Acne Patients Treated at Moderate Intensity Protocol Upto 1 Month
After Multiple Treatments
Transmittance
Number
I
II
III
IV

M/F

Age (years)

Severity of acne [2]

Acne sites

Control

Treatment

F
F
M
M

22
29
16
23

1.0–1.5
1.0–1.5
2–3
4–8

Cheeks (right (control) and left (treated))
Cheeks (right (control) and left (treated))
Cheeks (right (control) and left (treated))
Upper symmetric parts of the back

3.50  0.10
2.80  0.08
2.10  0.06
5.80  0.17

3.50  0.10
2.50  0.08
1.30  0.04
3.20  0.10

‘‘SEBUTAPE’’ technology was used; patch optical transmittance at 700 nm is presented (less transmittance means less sebum
excretion).

Fig. 7. Medium-intensity soft acne treatment for four volunteers with different severity of the disease and treated skin
sites: two females (22 and 29 years) with moderate (facile
localized) acne (a and b), one male (16 years) with moderatesevere (facile localized) acne (c), and one male (23 years) with
severe (back localized) acne (d). Vertical axes is the number of
active acne elements counted within the control and treated

skin sites of 4  5 cm2. Horizontal axes is the time scale: the
first pair of columns correspond to the initial status of the skin
sites (control is shown as shaded column and treated is shown
as solid column); the second pair—to the status of the same skin
sites in 1 week after multiple treatment during 1 month (8–
9 procedures); and the third pair—in a month after the
treatment.
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TABLE 2. Sebum Output Estimation for Patient III
Treated at Moderate Intensity Protocol During 1 Week
(7 Procedures, One Per Day)
Transmittance
Before treatment

After treatment

Acne sites

Morning

Evening

Morning

Evening

Forehead
Cheeks

7.0  4.7
3.4  2.2

5.1  3.4
3.5  1.8

4.1  1.7
2.3  1.1

3.9  1.9
2.3  0.9

‘‘SEBUTAPE’’ technology was used; patch optical transmittance at 700 nm is presented; data are averaged for seven
measurements (mean  SD).

Based on these results, we may hypothesize that at lowintensity treatment acne lesions healing is caused by suppression of P. acnes colonies and other accompany bacterial
cultures characteristic for inflammation. The recent in vitro
experiment for model bacteria strain Staphylococcus 209P
have demonstrated rather high suppression efficiency (90–
95%) of bacteria colonies growing at rather small light
energy densities (15 J/cm2) of 810 nm light (LED) and ICG
as a photosensitizer (dye concentration of 0.5 mg/ml in
lotion diluted by a sugar broth) [52], and, therefore, directly
supports this hypothesis.
We have also demonstrated that more prolonged ICG
lotion staining time (15 minutes), irradiation by NIR light
at moderate power densities (150–190 mW/cm2) during
15 minutes and more precise spectral selectivity (diode
laser with 809 nm) inhibit the development of acne vulgaris
more effectively than at low-intensities (see Figs. 7 and 8).
This statement is also supported by clinical evidence of
more effective treatment results than the antibiotic
therapy gives.
More prolonged effect of treatment supports the hypothesis that moderate-intensity acne treatment besides bacterial suppression nature has influence on the sebum
excretion rate (see Tables 1 and 2), therefore, additional
photodynamic and/or photothermal mechanisms of pilosebaceous canal epithelial tissue reshaping and inactivation
of sebocytes proliferation are possible.
PDT with topical application of ALA and irradiation by
broadband light (550–700 nm) is more radical and has
significant side effects: transient hyperpigmentation,
superficial exfoliation, and crusting. It causes acute inflammation followed by partial or complete necrosis of
SG [12].
In our study, we did not observe any adverse effects due to
rather small power densities used in experiments, however,
positive dynamics of acne treatment was shown.
Thus, we have demonstrated for the first time that
topical application of ICG and followed irradiation by NIR
light at a low power density inhibits the development of
acne vulgaris. We have found using fluorescence imaging
that NIR light inactivates P. acnes bacteria stained by ICG.
The effectiveness of such soft acne treatment is due to
extremely high absorption of ICG at 800–810 nm (about
1,000 cm1 at concentration of 1 mg/ml) (see, Fig. 2) and

Fig. 8. Soft acne treatment with medium light intensity:
images of the treated places: (a), before the treatments; (b), just
after 7 daily treatments; (c), 10 days late after the end of
the treatments. [Figure can be viewed in color online via
www.interscience.wiley.com.]

well correspondence of laser wavelength and the absorption
maximum of dye molecules bound to the target biological
sites within pilosebaceous unit.
During the soft acne treatment, especially when medium
intensity protocol is used, a few degree temperature rise of
SG tissues is expected. As it is described in literature temperatures of a few degrees above physiological one, i.e., 42–
438C, can induce cell apoptosis [28]. Such temperatures are
used for killing of tumor cells. Heating to lesser temperatures appeared to be tolerated by the cells. More prolonged
heating can be associated with secondary necrosis of
apoptotic cells, where the cells retained some of the features
of apoptosis but had superimposed features of necrosis
including membrane disintegration and swelling of cytoplasmic organelles. After a few days, apoptotic cells are
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Fig. 9. The skin lesion on the back of the patient before
(a, baseline), 2 weeks (b), and 1 month (c) after laser thermolysis (809 nm, 30 W, 4 mm beam size, 0.5 seconds). Images were
captured in parallel polarizers. [Figure can be viewed in color
online via www.interscience.wiley.com.]

phagocytosed by tissue mononuclear phagocytes [28].
Because apoptosis is universal mechanism of cell death,
described effects should be characteristic for acne microorganisms and/or for follicular tissue, in particular for
sebocytes.
It also should be noted that heating has some synergetic
effect when applied together with photodynamic treatment
[53], therefore, more effective bacteria killing can be
provided.
Temperatures of greater than 448C (44–488C) causes
prolonged necrosis, uniformly affecting all cells in tissue
structure. The localized photothermolysis (momentary cellkilling temperatures, 48–1008C) of skin tissues can be
provided at the optimal laser pulse duration lying in a
microseconds or milliseconds range and at effective cooling
of the skin surface [31,32]. A highly localized photothermal
action was achieved using a combination of ICG and an
808 nm diode laser applied to murine mammary tumors
[21,22]. At present ICG, as a highly selective dye having
extraordinary absorption properties, is the most preferable
dye for getting controllable thermal effects in tissues.
Thus, we have shown that staining of acne lesions by ICG
allows one to reduce diode laser irradiation power density to
18 W/cm2 to provide rather effective thermal destruction of
acne inflammatory elements at exposure of 0.5 seconds.
The optimal power density should be in the limits from 20
to 200 W/cm2, which at used exposure, 0.5 seconds, correspond to light fluence from 10 to 100 J/cm2. Such estimation well correlates to experimental results on selective
photodamage of ICG loaded enlarged SG at irradiation by
the diode laser of 810 nm wavelength, with 50-millisecond
pulse duration, and fluence of 40 J/cm2, when the local
temperature rise about 908C is expected [15].
This study allows us to make some conclusions.
Based on the concept that hair follicle, especially sebaceous gland, can be intensively and selectively stained by
ICG due to dye’s diffusion through pilosebaceous canal and
its fast uptake by living microorganisms, vital keratinocytes of epithelium of the canal and sebaceous duct and
rapidly proliferating sebocytes, new technologies of soft
and thermal acne lesions treatment were suggested and
realized.
The hypothesis of microflora suppression as a leading
mechanism of laser soft treatment is supported by P. acnes
bacteria population suppression, detected by luminescence
microscopy (see, Fig. 6), and reduction or complete resolution of the inflammatory response in the dermis and epidermis surrounding the follicles affected by acne, caused by
photodynamic and/or thermal effects (see, Figs. 3–5,7,8).
The hypothesis of additional photodynamic and/or photothermal mechanism of pilosebaceous canal epithelial tissue
reshaping and inactivation of sebocytes proliferation at
medium-intensity soft treatment is supported by clinical
evidence of more effective treatment results than the antibiotic therapy and less sebum excretion rate at the recovery
stage (up to 40% less excretion was determined) (see
Tables 1 and 2).
Reduction of sebum excretion rate may be caused by
decreasing the proliferation and/or by increasing the rate
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of sebocyte apoptosis and/or necrosis. Light induced reduction or arrest of follicle ductal hypercornification may
be responsible for pilosebaceous canal epithelial tissue
reshaping.
Diode laser (803 or 809 nm) power densities in the range
from 18 to 200 W/cm2 will provide a variety of economic and
comfortable procedures of thermal destruction of ICG
stained acne inflammatory elements at short light exposures (less 0.5 seconds) (see, Fig. 9).
No any adverse effects were found.

ACKNOWLEDGMENTS
Authors thank Palomar Medical Products, Inc., for funding of this work and providing diode IR lasers, Sebumabsorbent tape ‘‘Sebutape,’’ and Nikon Coolpix990 digital
camera and to student M.S. Kiseleva for help in experiments. Some basic research was supported in part by the
grant ‘‘Leading Scientific Schools’’ No. 00-15-96667 of the
Russian Basic Research Foundation and by Award No.
REC-006 of the U.S. Civilian Research & Development
Foundation for the Independent States of the Former
Soviet Union (CRDF).
REFERENCES
1. Ebling FJG, Cunliffe WJ. Disorders of the sebaceous glands.
In: Champion RH, Burton JL, Ebling FJG, editors. Textbook
of dermatology. 5th edition. Vol. 3. Oxford: Blackwell Scientific Publications; 1992. pp 1699–1744.
2. Cunliffe WJ. Acne. Chicago, London: Boca Raton: Martin
Dunitz, Year Book Medical Publishers, Inc.; 1989. 391p.
3. Drake LA. Guidelines of care for acne vulgaries. J Am Acad
Dermatol 1990;22:676–680.
4. Leyden JJ, McGinley KJ, Cavalieri S, Webster GF, Mills OH,
Kligman AM. Propionibacterium acnes resistance to antibiotics in acne patients. J Am Acad Dermatol 1983;8:41–45.
5. Eady EA, Jones CE, Tipper JL, Cove JH, Cunliffe WJ, Layton
AM. Antibiotic resistant propionibacteria in acne: Need for
policies to modify antibiotic usage. BMJ 1993;306:555–556.
6. Kjeldstad B, Johnsson A. An action spectrum for blue and
near ultraviolet inactivation of propionibacterium acnes;
with emphasis on a possible porphyrin photosensitization.
Photochem Photobiol 1986;43:67–70.
7. Shalita AR, Harth Y, Elman M, Slatkine M, Talpalariu G,
Rosenberg Y, Korman A, Klein A. Acne phototherapy using
UV-free high-intensity narrow-band blue light: 3 center
clinical study. Proc SPIE 2001;4244:61–73.
8. Sigurdsson V, Knulst AC, van Weelden H. Phototherapy
of acne vulgaris with visible light. Dermatology 1997;194:
256–260.
9. Cunliffe WJ, Goulden V. Phototherapy and acne vulgaris. Br
J Dermatol 2000;142:853–856.
10. Papageorgiou P, Katsambas A, Chu A. Phototherapy with
blue (415 nm) and red (660 nm) light in the treatment of acne
vulgaris. Br J Dermatol 2000;142:973–978.
11. Arakane K, Ryu A, Hayashi C, Masunaga T, Shinmoto K,
Mashiko S, Nagano T, Hirobe M. Singlet oxygen (1Dg)
generation from coproporphyrin in Propionibacterium acnes
on irradiation. Biochem Biophys Res Commun 1996;223:
578–582.
12. Hongcharu W, Taylor CR, Chang Y, Aghassi D, Suthamjariya
K, Anderson RR. Topical ALA-photodynamic therapy for
the treatment of acne vulgaris. J Invest Dermatol 2000;115:
183–192.
13. Anderson RR. 2001. Targeting of sebaceous follicles as a
treatment of sebaceous gland disorders. US Patent No 6,183,
773 B1, Feb. 6.
14. Konig K, Meyer H. Photodynamic activity of methylene blue.
Akt Dermatol 1993;19:195–198.

309

15. Lloyd JR, Mirkov M. Selective photothermolysis of the
sebaceous glands for acne treatment. Laser Surg Med 2002;
31:115–120.
16. Henderson B, Dougherty T, editors. Photodynamic therapy:
Basic principles and clinical applications. New York: Marcell
Dekker, Inc.; 1992.
17. Bown S , Buonaccorsi GA, editors. Special issue on photodynamic therapy. Lasers Med Sci 1997;12:182–284.
18. Ahmad N, Feyes DK, Agarwal R, Mukhtar H. Photodynamic
therapy results in induction of WAF1/CIP1/P21 leading to
cell cycle arrest and apoptosis. Proc Natl Acad Sci USA 1998;
95:6977–6982.
19. Morgan J, Whitaker JE, Oseroff AR. GRP78 induction by
calcium ionophore potentiates photodynamic therapy using
the mitochondrial targeting dye Victoria Blue BO. Photochem Photobiol 1998;67:155–164.
20. Pass HI. Photodynamic therapy in oncology: Mechanisms and
clinical use. J Natl Cancer Inst 1993;85:443–456.
21. Chen WR, Adams RL, Bartels KE, Nordquist RE. Chromophore-enhanced in vivo tumor cell destruction using an 808nm diode laser. Cancer Lett 1995;94:125–131.
22. Chen WR, Adams RL, Higgins AK, Bartels KE, Nordquist
RE. Photothermal effects on mammary tumor using indocyanine green and an 808-nm diode laser: In vivo efficacy study.
Cancer Lett 1996;98:169–173.
23. Green FJ. The Sigma–Aldrich handbook of stains, dyes, and
indicators. Milwaukee, Wisconsin: Aldrich Chemical Company, Inc.; 1990. 407p.
24. Jacques’s SL. Website: www.omlc.ogi.edu
25. Fickweiler S, Szeimies RM, Baumler W, Steinbach P,
Karrer S, Goetz AE, Abels C, Hofstadter F, Landthaler M.
Indocyanine green: Intracellular uptake and phototherapeutic effects in vitro. J Photochem Photobiol B Biol 1997;38:
178–183.
26. Baumler W, Abels C, Karrer S, Weis T, Messmann H,
Landthaler M, Szeimies R-M. Photo-oxidative killing of
human colonic cancer cells using indocianine green and
infrared light. Br J Cancer 1999;80(3/4):360–363.
27. Abels C, Fickweiler S, Weiderer P, Baumler W, Hofstadter F,
Landthaler M, Szeimies R-M. Indocianine green (ICG) and
laser irradiation induce photooxidation. Arch Dermatol Res
2000;292:404–411.
28. Prins JB, Walker NI, Winterford CM, Cameron DP. Apoptosis of human adipocytes in vitro. Biochem Biophys Res
Commun 1994;201:500–507.
29. Genina EA, Bashkatov AN, Sinichkin YuP, Kochubey VI,
Lakodina NA, Perepelitzina OA, Altshuler GB, Tuchin VV. In
vitro and in vivo study of dye diffusion into the human skin
and hair follicles. Proc SPIE 2000;4162:63–70.
30. Genina EA, Bashkatov AN, Sinichkin YuP, Kochubey VI,
Lakodina NA, Altshuler GB, Tuchin VV. In vitro and in vivo
study of dye diffusion into the human skin and hair follicles.
J Biomed Opt 2002;7(3):471–477.
31. Altshuler GB, Zenzie HH, Erofeev AV, Smirnov MZ,
Anderson RR, Diericks C. Contact cooling of the skin. Phys
Med Biol 1999;44:1003–1023.
32. Altshuler GB, Anderson RR, Manstein D, Zenze HH, Smirnov
MZ. Extended theory of selective photothermolysis. Lasers
Surg Med 2001;29:416–432.
33. McMillan K, Lo K, Wang Z. Uptake of indocyanine green
by hamster sebaceous glands. Proc SPIE 2001;4244:
45–54.
34. Fedosov IV, Zimnyakov DA, Tuchin VV, Genina EA, Altsuler
GB. Double-wavelength laser scanning microphotometer
(DWLSM) for in vitro hair shaft and surrounding tissue
imaging. Proc SPIE 2001;4244:152–155.
35. Sumian CC, Pitre FB, Gauther BE, Bouclier M, Mordon SR. A
new method to improve penetration depth of dyes into the
follicular duct: Potential application for laser hair removal.
J Am Acad Dermatol 1999;41:172–175.
36. Diericks CC, Goldenhersh M, Dwyer P, Stratigos A, Mihm M,
Anderson RR. Photodynamic therapy for nevus sebaceous
with topical d-aminolevulinic acid. Arch Dermatol 1999;135:
637–639.
37. Genina EA, Bashkatov AN, Lakodina NA, Kosobutsky ID,
Bogomolova NV, Altshuler GB, Tuchin VV. In vitro study of

310

38.

39.

40.
41.

42.
43.
44.

45.

TUCHIN ET AL.
penetration of magnetic particles into the human skin. Proc
SPIE 2000;4224:312–316.
Reindler S, Penzkofer A, Gong SH, Landthaler M, Szeimies
R-M, Abels C, Baumler W. Quantum yield of triplet formation
for indocyanine green. J Photochem Photobiol A 1997;105:
65–68.
Abels C, Karrer S, Baumler W, Goetz AE, Landthaler M,
Szeimies R-M. Indocyanine green and laser light for the
treatment of AIDS-associated cutaneous Kaposi’s Sarcoma.
Br J Cancer 1998;77:1021–1024.
Tuchin VV. Tissue optics: Light scattering methods and
instruments for medical diagnosis, SPIE tutorial texts in
optical engineering, TT38, SPIE Press; 2000.
Wang RK, Tuchin VV, Xu X, Elder JB. Concurrent enhancement of imaging depth and contrast for optical coherence
tomography by hyperosmotic agents. J Opt Soc Am B 2001;
18:948–953.
Tuchin VV, Maksimova IL, Zimnyakov DA, Kon IL, Mavlutov
AN, Mishin AA. Light propagation in tissues with controlled
optical properties. J Biomed Opt 1997;2:401–417.
Vargas G, Chan EK, Barton JK, Rylander HJ III, Welch AJ.
Use of an agent to reduce scattering in skin. Lasers Surg Med
1999;24:138–141.
Tuchin VV, Bashkatov AN, Genina EA, Sinichkin YuP,
Lakodina NA. In vivo investigation of the immersion-liquidinduced human skin clearing dynamics. Tech Phys Lett
2001;27:489–490.
Chan EK, Barton JK, Welch AJ. 2001. Methods of enhanced
light transmission through turbid biological media. US
Patent No 6,275,726 B1, Aug. 14.

46. Nemati B. 2001. Method and apparatus to enhance optical
transparency of biological tissues. US Patent No. 6,219,575
B1, Apr. 17.
47. Weersink RA, Hayward JE, Diamond KR, Patterson MS.
Accuracy of non-invasive in vivo measurements of photosensitizer uptake based on a diffusion model of reflectance
spectroscopy. Photochem Photobiol 1997;66:326–335.
48. Jimbow K, Quevedo WC, Fitzpatrick TB, Jr., Szabo G. Biology
of melanocytes. Dermatology in general medicine. In:
Fitzpatrick TB, Jr., Eisen AZ, Wolff K, Freedberg IM, Austen
KF, editors. New York: McGraw-Hill; 1993. pp 261–288.
49. Ciamberlini C, Guarnieri V, Longobardi G, Poggi P, Donati
MC, Panzardi G. Indocyanine green videoangiography using
cooled CCD in central serous choroidopathy . J Biomed Opt
1997;2:218–225.
50. Genina EA, Bashkatov AN, Kochubei VI, Tuchin VV,
Al’tshuler GB. The interaction of indocyanine green dye with
the human skin epidermis studied. Tech Phys Lett 2001;27:
602–604.
51. Genina EA, Bashkatov AN, Simonenko GV, Odoevskaya OD,
Tuchin VV, Al’tshuler GB. Low-intensity ICG-laser phototherapy of acne vulgaris, J Biomed Opt (in press).
52. Ovchinnikov IS, Popov DE, Tuchin VV, Shapoval OG,
Shub GM, Altsuler GB. Photodynamiv inactivation of bacteria
by an infrared light diode (810 nm) radiation with using of
indocyanine green. Tech Phys Lett (in press).
53. Henderson BW, Waldow SM, Potter WP, Dougherty TJ.
Interaction of photodynamic therapy and hyperthermia:
Tumor response and cell survival studies after treatment of
mice in vivo. Cancer Res 1985;45:6071–6077.

