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a b s t r a c t

Low-frequency ultrasound (US) applied to skin (sonophoresis) has been investigated to enhance the
transdermal transport of various drugs. Histamine is usually used in allergy investigations. We aimed
to investigate, in a randomized study, the transdermal penetration of histamine with sonophoresis. Ten
subjects were included. Their right forearm was divided into three zones, which were randomly assigned a
treatment: no US, US1 (I1 = 2.72 W/cm2), US2 (I2 = 3.50 W/cm2). The primary outcome was area of induced
papule, which revealed histamine penetration. Secondary outcomes were echographic measurement of
papule (skin thickness) and pruritus. Measurements were taken immediately after US application and
onophoresis
linical study
istamine
llergy

after 30 min, 2 h and 24 h. Arm zones without US application showed no papules induced by histamine;
9/10 subjects receiving US showed papules. Their mean size increased with increased intensity of US
but not significantly. The skin thickness increased with US. Pruritus occurred in 7/10 cases after US and
histamine. The adverse events were skin erythema, pain and tinnitus. Though this study included a few
number of patients, it confirms that sonophoresis enhances skin penetration of histamine. This technology
could be used at therapeutic levels: histamine could be used with sonophoresis as a positive control in

prick
allergy testing instead of

. Introduction

Histamine is a low-molecular-weight molecule (almost 110 Da)
argely synthesized by basophile granulocytes and involved in sev-
ral immune/inflammatory functions in addition to its dominant
ole in type I hypersensitivity reactions (Akdis et al., 2008). Its
hemical structure is C5H9N3 (2-(4-imidazolyl)ethylamine). It is
ynthesized by histidine decarboxylase, starting from the amino
cid histidine. In medical practice, histamine is used in allergy test-
ng to investigate drug hypersensitivity: histamine prick tests are
sed as positive controls (Liccardi et al., 2008; Malling, 1984). Prick
ests involve skin disruption with a lancet before deposition of the

rug. Test results are considered positive if an itchy papule appears
few minutes after the deposition of the molecule.

Low-frequency sonophoresis has been investigated to enhance
he transdermal transport of various drugs of low and even high

∗ Corresponding author at: Service de Dermatologie, CHRU de Tours, Avenue de
a République, 37044 Tours Cedex 9, France. Tel.: +33 2 47 36 62 56;
ax: +33 2 47 36 62 56.

E-mail address: annabel-maruani@wanadoo.fr (A. Maruani).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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tests, which involve skin disruption with a lancet.
© 2009 Elsevier B.V. All rights reserved.

molecular weight (such as insulin, 6 kDa) (Boucaud et al., 2002;
Smith et al., 2003). Most investigations have been performed in
vitro in excised skin and in vivo in animals (Byl, 1995; Liu et al.,
2006; Mitragotri et al., 1995; Mitragotri and Kost, 2001). In humans,
sonophoresis has been shown to be safe under defined param-
eters of ultrasound (US) delivery (Maruani et al., submitted for
publication). As compared with injections, sonophoresis is nonin-
vasive, because it does not disrupt the skin.

We aimed to investigate, in a randomized study of healthy
human subjects, the transdermal penetration of histamine with
sonophoresis.

2. Materials and methods

2.1. Participants and setting
The study was carried out from July to December 2006, in the
Clinical Investigation Center of the University Hospital of Tours,
France. The subjects were healthy volunteers who were 18 years
or older, were not pregnant or breastfeeding, did not use topical
therapy, and had neither dermatological nor neurological disease.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:annabel-maruani@wanadoo.fr
dx.doi.org/10.1016/j.ijpharm.2009.10.024
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Fig. 1. Photo of the low-frequency ultrasound device.

ach volunteer gave their signed informed consent to be in the
tudy. Before inclusion, each subject received a prick test with his-
amine on the left forearm as a positive control and a prick test with
lycero-saline phenol as a negative control. To be included in fur-
her steps of the study, the subjects had to be correctly reactive to
rick tests: a positive reaction for the histamine prick test was the
evelopment of a papule ≥2 mm in both diameters (if no papule
ith negative control) or a papule at least twice as large in both
iameters than the papule induced by the negative control prick
est.

The protocol was approved by the Ethics Committee of the Uni-
ersity Hospital of Tours, France (registration 2006-15).

.2. Ultrasound device

The US equipment (Fig. 1) was developed by Transderma Sys-
ems (Tours, France). The working frequency of the device was
6 kHz. The tip of the device included a cylindrical ultrasonic horn
titanium) 1.8 cm in diameter housed in a tube made of Delrin. The
evice also included a “cavitation chamber” consisting of an O-ring
ith a 7-cm2 inner surface placed between the skin surface and

he ultrasonic horn and containing 10 ml of saline ([NaCl] = 0.9%) as
coupling medium. During the experiments, the tip of the ultra-

onic horn was always positioned at 5 mm from the skin. The power
nit of the device allowed for choosing various parameters, includ-

ng intensity, continuous or pulsed mode, and application time.
efore each application, the equipment was tuned to ensure that
he electrical signal matched the resonance frequency of the US
robe. Low-frequency US was applied in pulsed mode to minimize
hermal effects for 5 min. US intensity was determined by a calori-

etric method commonly used for measurement of low-frequency
S intensity (Weimann and Wu, 2002). Two schemes of US were

nvestigated: 2 s on/5 s off, intensity (I) I1 = 2.72 W/cm2 (US1); and
s on/5 s off, I2 = 3.50 W/cm2 (US2).

.3. Protocol and blinding

The subject sat on a medical chair. The research engineer “(AB)”
efined three zones on the anterior side of the right forearm
Fig. 2) and randomized the zones for treatment according to a
omputer-generated randomization sequence: one zone received
o US, one received US1 and the last zone received US2. If toxic

ffects appeared (pain > 40 on a 0–100-mm visual analogue scale
VAS], or necrosis), the engineer discontinued US delivery. The der-

atologist “(AM)” blinded to the application of US, received the
ubject in another room and applied one drop of histamine on each
one of the forearm immediately after US. After 30 min, 2 h and 24 h,
Fig. 2. Definition of three zones on the anterior side of the right forearm.

arms were measured for induced papules, and secondary outcomes
were observed.

2.4. Outcome measurement

The primary outcome was penetration of histamine, as assessed
by the size of the induced papule; the area was calculated according
to the two diameters measured by the dermatologist.

Secondary outcomes consisted of the following:

- echographic measurement of the induced papule by the der-
matologist; skin thickness was measured by high-resolution,
B-mode, real-time US (DermCup 2020®, GIP Ultrasons, Tours,
France) with use of a 20-MHz center-frequency transducer
(Machet et al., 2006);

- pruritus induced by skin application of histamine, self-reported
by the subject to the dermatologist and self-evaluated according
to a scale of 1 = low intensity of itching; 2 = moderate intensity;
3 = high intensity; and 4 = very high intensity;

- adverse effects, which were systematically recorded by the
research engineer and by the dermatologist: subjects were espe-
cially asked about pain, self-reported on a VAS ranging from 0 (no
pain) to 100 (maximal pain).

All these measurements were taken immediately after US applica-
tion and after 30 min, 2 h and 24 h.

2.5. Statistical methods

We planned to include 10 subjects in this pilot study. Demo-
graphic data and measurement of papule area are presented as
mean ± standard deviation or frequencies, or median [interquar-
tile range]. Data for secondary outcomes are presented as
mean ± standard deviation for baseline data and mean variation
from baseline for further measures. A Wilcoxon signed rank test for
paired data was used to compare the two US intensities for papule
area. Statistical analyses involved the use of SAS (SAS Institute, Cary,
NC). P < 0.05 was considered statistically significant.

3. Results

Ten healthy subjects were included (8 females; age range 19–51
years); an itchy papule developed after the histamine prick test in
all subjects, and no subject showed a reaction to the negative prick
control.
3.1. Primary outcome

Arm zones without US showed no papules induced by histamine.
In 9 of 10 patients, arm zones with US, whether US1 or US2, showed
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Fig. 3. Papules observed 30 min after the deposition of histamine on skin: one zone
showed a large papule (zone III, after US2), one a moderate papule (zone I, after US1)
and one no papule (zone II, no US previously applied).

Table 1
Area of papule induced by the deposition of histamine: measurements obtained
30 min after the application or not ultrasound in 10 patients.

Number of subjects
showing a papule

Area of the papule
(mm2), median
[interquartile range]

No US 0 –
US1 9 39.3 [12.6–121.0]
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US2 9 62.8 [16.5–141.4]

S: ultrasound; US1: ultrasound with intensity = 2.72 W/cm2; US2: ultrasound with
ntensity = 3.50 W/cm2.

papule (Fig. 3). After 30 min, the area of papule, the primary out-
ome of the study, was significantly greater with than that without
S (Table 1). The mean size of papules was greater with higher

ntensity of US (US2 > US1) but not significantly (P = 0.789). The
apules had partially disappeared after 2 h (4 papules persisted
ith US2 and 3 with US1), and only 3 patients showed a small papule

fter 24 h.

.2. Secondary outcomes

Measures of skin thickness of papules induced by histamine was
easured by echography (Fig. 4) and reflected dermal edema sub-

equent to histamine absorption, are in Table 2. The results confirm
linical measures: dermal edema increased with US application,
nd no edema occurred after deposition of histamine without
S. The size of the edema was high after 30 min and decreased
t 2 h, and no edema persisted at 24 h. With high doses of US

US2), the median values of edema were higher than those with
S1.

No pruritus was reported after histamine application without
S. After US1, pruritus was reported for 7 of 10 cases (score = 1 in

able 2
easurement of dermal edema with ultrasound imaging.

Dermal edema (mm), median [IQR]

T0 T1/2

No US (n = 10) 1.00 [0.90–1.00] 1.00 [0.90–1.00]
US1 (n = 10) 1.05 [0.90–1.10] 1.30 [1.10–1.60]
US2 (n = 10) 0.95 [0.90–1.10] 1.60 [1.00–1.90]

S: ultrasound; US1 = 2.72 W/cm2; US2 = 3.50 W/cm2. IQR: interquartile range. T0: before
with or without previous US); T2: after 2 h; T24: after 24 h.
Fig. 4. High-resolution US imaging of skin thickness showing an increase of der-
mal edema (papule) after 30-min histamine application on skin that previously
received low-frequency US. (a) Before US and histamine; (b) 30 min after histamine
application.

5 cases, score = 2 in 2 cases); after US2, pruritus was reported in 7
cases (score = 1 in 3 cases, score = 2 in 2 cases, score = 3 in 2 cases).
No pruritus persisted at 2 h or 24 h.

No toxic effects were observed. The adverse events reported
during or after US application were skin erythema on the site of

US application in 9 cases with US1 and US2 and were persistent
at 24 h in 4 cases; purpura on the site of US application (1 case
with US2, which disappeared at 24 h), punctiform excoriation (1
case, regressive after 48 h); tinnitus during US application, without

T2 T24

1.00 [0.90–1.10] 0.95 [0.90–1.00]
1.15 [0.90–1.50] 1.05 [1.00–1.40]
1.40 [1.00–1.50] 1.05 [0.90–1.30]

application of US and histamine; T1/2: 30 min after the application of histamine
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Table 3
Pain induced by histamine prick tests and application of ultrasound.

Pain on a 0–100-mm visual analog scale after US application

N Mean ± SD Median [IQR] Min–Max

Prick test 4 22.5 ± 17.6 22.5 [7.5–37.5] 5.0–40.0
No US 5 0.0 ± 0.0 0.0 [0.0–0.0] 0.0–0.0
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US1 10 21.0 ± 32.1
US2 10 28.7 ± 30.6

S: ultrasound; US1 = 2.72 W/cm2; US2 = 3.50 W/cm2. IQR: interquartile range; SD:

coustic alteration (4 cases, which disappeared as soon as US was
iscontinued); and pain (Table 3).

. Discussion

This simple, blinded, randomized clinical study demonstrates
ransdermal penetration of histamine by sonophoresis, although
he number of subjects were small; the penetration was revealed
linically by itchy skin papules and echographically by increased
kin thickness. Skin not receiving US showed no papules. Alto-
ether, papules were increased with increased intensity of
ow-frequency US. Indeed, the higher the US intensity, the more
fficient the transdermal penetration, but toxic effects increase in
he same way (Boucaud et al., 2001; Machet and Boucaud, 2002).

ith very high US intensity, superficial necrosis (dermis) and deep
ecrosis (fascias and muscles) have been described in animals
Singer et al., 1998). In the present study, the US1 intensity was suf-
cient to induce papules, which were well tolerated, because they
rovoked almost the same pain as prick tests, which are commonly
sed.

Increased transdermal permeability with US application is
inked in part to the thermal effects of US and is mainly attributed
o cavitation (Simonin, 1995; Tezel et al., 2002). Cavitation consists
f the generation of gas bubbles, which oscillate and may implode
t the skin surface, thus provoking disorganization and/or creation
f an aqueous pathway through the stratum corneum.

Adverse events linked to US application were increased with
ncreased intensity of US (US2 > US1), as we expected. Erythema and
urpura are directly linked to thermal and cavitation effects on skin
ut were quickly regressive in all cases. Tinnitus has been described
uring application of high- and low-frequency US (Lenhardt et
l., 2002). In a study of sonophoresis tolerance in humans, tinni-
us was reported in 23.5% of cases (Maruani et al., submitted for
ublication); it was of moderate intensity, always resolved after
ithdrawal of US delivery, and showed no acoustic alteration. Tin-
itus occurs with bone conduction of US waves in the ear (Cai et
l., 2002).

In our study, pain, which may be induced by sonophoresis,
as not constant and showed large variations among subjects.
ne possible explanation for these variations could be the var-

ed densities of hair follicles among subjects. With application of
ow-frequency US, gaseous microbubbles entrapped at the root of
air follicles may induce cavitation and pain. Pain occurred with
pplication of US only and disappeared with discontinuation of
S. The assessment of pain induced by prick tests has never been

nvestigated, although prick tests are commonly used in allergy
nvestigations. In this study, the variation in pain was large (5–40
n a 0–100-mm VAS), with mean 22.5; pain seemed to be slightly
ncreased during US1 (21/100) but was slightly less than during US2
28.7/100).
The results of this study on 10 subjects confirm that sonophore-
is enhances transdermal penetration of histamine as revealed by
apule measurement. Only a few studies have reported on the in
ivo penetration of drugs in humans, and in the future, this tech-
ology could be used at therapeutic levels (Becker et al., 2005; Katz
10.0 [0.0–20.0] 0.0–90.0
10.0 [7.0–50.0] 0.0–80.0

rd deviation.

et al., 2004; Santoianni et al., 2004). For instance, histamine could
be used with sonophoresis as a positive control in allergy tests
instead of histamine prick tests, which involve skin disruption with
a lancet.
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