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KEYWORDS Summary Introduction: Diagnostic imaging modalities to evaluate the three-dimensional dis-
Flap; tribution of thoracodorsal artery perforators (TDAPs) are lacking. In this study, TDAPs were
Perforators; visualized and characterized using photoacoustic imaging.

Photoacoustic imaging; Material and methods: In this study, 34 sites in the lateral chest wall of 18 individuals were
Thoracodorsal artery; analyzed. The region extending 5 cm ventral and 5 cm dorsal to the lateral edge of the latis-
Three dimensions simus dorsi (LD) and 5-15 cm from the posterior axillary fold was scanned using photoacoustic

imaging. The largest perforator closest to the edge of the LD was characterized. The location
of the stem portion and the orientation of the longest cutaneous branch of the perforator were
described. The relationship between the maximal depth of delineation on photoacoustic images
and the depth of the deep fascia was assessed.

Results: On average, 2.6 perforators (range, 1-5 perforators) were visualized in the region
of interest. The distribution of the TDAP stem portion was similar to that in previous studies.
Cutaneous branches were preferentially oriented in a medial-caudal direction. The length of
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delineated cutaneous branches varied (range, 7-78 mm) depending on the thickness of the
subcutaneous layer. Vessels under the LD were observed when the subcutaneous layer was thin.
Conclusion: Photoacoustic imaging can successfully visualize TDAPs in three dimensions. Visu-
alization of TDAPs varied by the thickness of the subcutaneous layer. A thin deep fascia of the
LD might be a cause of deep laser penetration.

© 2022 British Association of Plastic, Reconstructive and Aesthetic Surgeons. Pub-
lished by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

Introduction

Angrigiani et al. first described the thoracodorsal artery per-
forator (TDAP) flap in 1995." It is a skin flap supplied by
perforators from the thoracodorsal artery. The TDAP flap is
used as a pedicled flap in breast reconstruction.? It is also
indicated as a free flap for the reconstruction of anatomi-
cally thin, flat tissues, such as tissues in the head and neck,
axilla, and extremities.>> Low donor site morbidity is an
advantage of the TDAP flap, characterized by the preser-
vation of both the latissimus dorsi (LD) muscle and thora-
codorsal nerve; a low incidence of seroma is another advan-
tage.® TDAPs originate from the descending branch of the
thoracodorsal artery, which travels along the lateral edge
of the LD. The most proximal perforator is called the first
perforator.! The first perforator is reportedly routinely ob-
served and reliable, owing to its thick diameter of 0.5 mm.
After passing the fascia, the first perforator immediately
branches and runs in the subcutaneous layer in a medial-
caudal direction. Thus, its vascular territory is limited pri-
marily to an area extending medially and caudally in the
shape of a fan, called the primary zone.” The area sur-
rounding the primary zone, called the secondary zone, is
supplied by vascular networks from the adjacent perfora-
tors. Accordingly, preoperative identification of the course
of the first perforator of the thoracodorsal artery and its
connection with the surrounding vascular network is imper-
ative for safely raising a TDAP flap. However, a lack of diag-
nostic imaging modalities to evaluate the three-dimensional
distribution of TDAPs within the subcutaneous layer in vivo
prevents the widespread use of TDAP flap procedures.
Photoacoustic imaging is an emerging method that uses
near-infrared pulse laser beams and ultrasound to visualize
blood vessels.? Using this technique, cutaneous microves-
sels can be visualized in three dimensions without the use of
contrast medium. To date, photoacoustic imaging has been
used for anterolateral thigh perforators,’ digital arteries,°
and mammary gland tumor angiogenesis.'’>'? Although the
application of photoacoustic imaging to the vasculature in
the living body has been reported, visualization character-
istics depend on the body site." In this study, TDAPs were
visualized and characterized using photoacoustic imaging.

Subjects and methods

This prospective study was conducted with the approval
of the ethics review board of the Kyoto University Grad-
uate School of Medicine, Kyoto, Japan (approval number:
C1366). All participants provided written informed consent.

This study was implemented in accordance with the Decla-
ration of Helsinki.

This study included healthy volunteers and patients with
benign breast diseases aged >20 years at the time of pro-
viding consent. Pregnant or breastfeeding women, individ-
uals who take photosensitizing agents, and individuals with
a history of chemotherapy, a cardiac pacemaker, a health
condition of the American Society of Anesthesiologists Phys-
ical Status Classification System class >4, difficulty in main-
taining the position during the examination, or infection at
the scan site were all excluded. The planned sample size
was 25 individuals, which was based on the sample size
and anatomical variability found in previous studies'*'® on
TDAPs and a 20% attrition rate.

In this study, the posterior axillary fold and the lateral
edge of the LD were used as landmarks for anatomical iden-
tification. Lines parallel to the posterior axillary fold were
marked on the body at 5 cm intervals. After identification
of the lateral edge of the LD using ultrasound, the area ex-
tending 5-15 cm caudally from the posterior axillary fold
and 5 cm ventrally and 5 cm dorsally from the lateral edge
of the LD was defined as the region of interest for analysis.
This setting was based on the location of the first thora-
codorsal perforator reported in the literature: 6-15 cm cau-
dally from the posterior axillary fold and 2-3 cm from the
lateral edge of the LD."'>:'® These landmarks were noted
on the skin using purple ink, which was detectable on pho-
toacoustic images.

Prior to photoacoustic imaging, ultrasound examination
was performed. Study participants were placed in the lat-
eral position, with the upper limb elevated to 90° The lat-
eral edge of the LD was identified and marked with the same
ink used for landmark marking. To assess the impact of the
thickness of the subcutaneous layer and the muscle belly of
the LD on the visibility of vessels in photoacoustic images,
the depth from the skin surface to the deep fascia and the
deepest portion of the muscle were measured 2 cm dorsal
to the lateral edge of the LD and 10 cm caudal to the poste-
rior axillary fold. Using the color Doppler mode, the region
of interest was searched for perforators. The sites at which
the identified perforators emerged through the level of the
deep fascia (stem portion) were marked for comparison with
those on photoacoustic images. The course of each identi-
fied perforator was tracked from the stem portion to the
most distal portion.

The PAI-05 photoacoustic imaging system (Canon,
Japan)'? was equipped with a cup-shaped scanner with light
emission from a near-infrared laser (Q-switched Nd:YAG
laser with a wavelength of 797 nm) at the center and multi-
ple ultrasonic transducers in the periphery. The scanner was
filled with de-aired water for the smooth transmission of ul-
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trasonic waves. The maximum laser power was restricted
to <65% of the maximum permissible exposure limit (15
mJ/cm? at a 20 Hz repetition rate) recommended by the
American National Standards Institute'’. The required scan-
ning time was approximately 5 min for an 18 cm x 18 cm
area. The system can delineate vessels >0.5 mm in diam-
eter. The examination was performed with the study par-
ticipant in the lateral position, with the lateral chest wall
downward and the upper arm extended. The region of in-
terest defined was centered on the scanner. To confirm re-
producibility, two scans were acquired per site with slight
changes to body position.

Three-dimensional images were created at a resolution
of 1440 x 1440 pixels in a square area of 18 cm x 18 cm
using imaging software'® (Kurumi; Kyoto University, Kyoto,
Japan). This software program can identify the surface of
the skin using a virtual cloth. Using this program, the vessels
were color-coded by depth (Supplementary Figure 1). The
landmarks marked on the body surface were identified on
the most superficial layer. These locational references were
memorized digitally and shown in images of deeper layers.
By removing the signals from the superficial layers, the sub-
dermal venous network could be removed, thereby allowing
the visualization of the subcutaneous vessels alone. Perfo-
rator branches that run toward the skin, become thin in the
periphery, and have no connection with the venous network
of polygonal tessellation morphology were defined as cuta-
neous (arterial) branches (Supplementary video).

When multiple perforators were observed in the region
of interest, the largest perforator located closest to the lat-
eral edge of the LD was characterized. To analyze the loca-
tion of the stem portion of the perforator, an x-y orthogonal
coordinate system was defined. The y-axis was defined as
the caudally directed line on the lateral edge of the LD.
The x-axis was defined as the dorsally directed line cross-
ing the y-axis at a right angle at the level of the posterior
axillary fold. The proximal base of the visualized perfora-
tor at the level corresponding to the depth of the deep
fascia identified using ultrasound was defined as the stem
portion. In addition to the x-y orthogonal coordinate sys-
tem, a polar coordinate system was defined. The distribu-
tion of the longest cutaneous branch was analyzed using
the polar coordinate system. The length and orientation of
the direct length between the stem portion and the most
distal portion of the branch were analyzed using the polar
coordinate system. The relationship between the maximal
depth of perforators delineated on photoacoustic images
and the depth of the deep fascia from the skin surface was
assessed.

Normally distributed data are presented as means =+
standard deviation. The relationship between two contin-
uous variables was evaluated using linear regression. The
Wilcoxon rank sum test was used to compare nonparamet-
ric data from two independent samples. A p-value of < 0.05
was considered statistically significant.

Results
During the study period from 2018 to 2019, 11 healthy

volunteers and 7 patients with benign breast disease were
eligible. The study population included one man and 17

women, with a mean age of 44 + 11 years (range, 21-62
years) and a mean body mass index of 21 + 2 kg/m2 (range,
17-25 years). Images obtained with photoacoustic imaging
at 34 sites in the lateral chest (17 sites on the right side and
17 sites on the left side) were analyzed.

The depths of the deep fascia and the deepest portion
of the latissimus dorsi were 6 + 3 mm (range, 3-14 mm)
and 11 £ 4 mm (range, 6-20 mm), respectively, based on
ultrasound measurements. In all study participants, perfo-
rators were identified in the region of interest. An average
of 2.1 perforators (total, 71; range, 1-4 perforators) were
observed in the region of interest. The course of perforators
was tracked continuously from the submuscular layer to the
layer just above the fascia. However, cutaneous branches
were not identifiable clearly.

An average of 2.6 perforators (range, 1-5 perforators)
were visualized in the region of interest using photoacous-
tic imaging. Of 71 perforators identified using ultrasound,
70 were delineated on photoacoustic images. By contrast,
5 of 34 large perforators were not identified using ultra-
sound. Representative images of TDAPs from photoacous-
tic imaging with various subcutaneous layer thicknesses are
presented in Figure 1. The morphology of the perforators
spreading in a dendritic form was delineated in three dimen-
sions, especially when the subcutaneous layer was thick.
The mean maximal depth of the perforators was 13 mm
(range, 6-21 mm). In all study participants, the deepest part
of the perforators was deeper than the level of the deep
fascia identified using ultrasound (Figure 2a). The maximal
depth of the perforator delineation was comparable to the
depth of the deep portion of the latissimus dorsi (Figure 2b).
This finding was inconsistent with the findings of a previous
study®, where visualization of anterolateral thigh perfora-
tors was limited to the depth of the deep fascia (Figure 3a).
On average, the stem portion of the perforator was located
15 mm medial (range, —7 mm to 36 mm) to the lateral
edge of the LD and 98 mm (range, 55-138 mm) caudal to
the posterior axillary fold (Figure 3a). There was only one
participant with the perforator located ventral to the lat-
eral edge of the LD. Cutaneous branches of the perfora-
tor were distributed in a medial-caudal direction (range,
77-194°) (Figure 3b). The mean length of the longest cu-
taneous branch was 29 mm (range, 7-78 mm). Our measure-
ments showed that the thicker the subcutaneous layer, the
longer the cutaneous branch (Pearson’s correlation coeffi-
cient, 0.72) (Supplementary Figure 2). In three subjects,
long linking vessels were distributed transversely to con-
nect to the dorsal perforator system (Figure 4). Intermus-
cular vessels were observed at 21 sites. These vessels were
significantly delineated in subjects with a thin subcutaneous
layer (Figure 5).

Discussion

In this study, we delineated TDAPs using photoacoustic
imaging. The maximum depth of visualized perforators was
21 mm in the study participant with the thickest subcuta-
neous layer. Cutaneous branches distributed in a dendritic
pattern were observed in three dimensions, but the visu-
alized length of the perforators depended on the thickness

3168



A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

K 5

RBAFFHER)ED bV %II
KYOTO UNIVERSITY !

KURENAI

Kyoto University Research Information Repository

Journal of Plastic, Reconstructive & Aesthetic Surgery 75 (2022) 3166-3173

Depth of the deep fascia

3 mm 6 mm 10 mm

Figure 1 Three-dimensional photoacoustic imaging of thoracodorsal perforators in study participants with deep fascia of varying
depth: 3, 6, and 10 mm. a-c) Photoacoustic images in the frontal view. All images are shown in the color degradation mode, with
yellow indicating the depth of the deep fascia. The long lines represent the lateral edge of the LD. The short lines that intersect
the LD line indicate the distance from the posterior axillary fold. The first perforators are shown in the rectangles. Note that
intermuscular vessels were observed in study participants with a thin subcutaneous layer (arrowheads). d-f) Magnified images of
the rectangles. The stem portions of the perforators are shown (arrows). g-i) Images in the lateral view for regions between A and
B in the frontal view images. The broken lines represent the level of the deep fascia. Cutaneous branches above the fascia are
visualized in blue-green. Note that long cutaneous branches were identified in a participant with a deep fascia depth of 10 mm,

whereas cutaneous branches were not observed in a study participant with a deep fascia depth of 3 mm.

of the subcutaneous layer. The branches were mainly delin-
eated in a medial-caudal direction.

Perforators from the descending branch of the thora-
codorsal artery, transverse branch, and intercostal arteries
spread throughout the lateral chest wall to form complex
vascular networks in the subcutaneous layer.">"° Of note,
the first perforator, which originates from the descending
branch of the thoracodorsal artery, is reportedly the most
dominant and reliable." "%-2° To describe where the first per-
forator emerges, several anatomical landmarks have been
advocated. Angrigiani et al." reported that it emerges 8 cm
below the posterior axillary fold and 2 cm posterior to the
lateral edge of the LD based on their anatomical dissection
of 40 fresh cadavers. Heitmann et al.'® identified the bifur-
cating point (vascular hilus) of the thoracodorsal artery 4 cm

distal to the inferior scapular tip and 2.5 cm medial to the
lateral edge of the LD based on a study of 20 fresh cadavers.
In their specimens, all perforators originated within 8 cm
from the hilus. Lin et al.?" studied the reliability of these
anatomical landmarks using ten clinical cases. Perforators
were found within 1.5 cm from the site described by Ang-
rigiani et al. in only five cases. Moreover, the thoracodor-
sal hilum was found around the site described by Heitmann
et al. in only two cases. They attributed the uncertainty
of anatomical landmarks for TDAPs to their mobility, possi-
ble differences between cadavers and living subjects, and
anatomical variations associated with race, body size, and
congenital or acquired skeletal deformities.

The uncertainty of TDAP-related landmarks has led to the
need for a diagnostic modality to detect TDAP perforators
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Depth of the deep fascia (mm)

Depth of the deepest portion of the muscle (mm)

Figure 2 Scatter plots showing the relationship between the depth of the deep fascia from the skin surface and the maximum
depth of perforators visualized using photoacoustic imaging (a) and the relationship between the depth of the deepest portion of
the LD and the maximum depth of the perforators (b). Colored dots represent data from study participants in this study. Crosses
represent data on anterolateral thigh perforators from participants of our previous study.’ Overall, there is a relationship between
deep fascia depth and maximum depth of the perforators in the anterolateral thigh. However, the maximal depth of the perforators
exceeded the depth of the deep fascia but was very similar to the depth of the deepest portion of the muscle.

a
Distance from the edge of
the lattisimus dorsi muscle (mm) 40 Dorsal
Caudal

b

20 40 Dorsal
0 1 ST 60 lCaudaI

Direction (°) k

-\ 100

120

Length (mm)
20 7 140
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Figure 3 a) Scatter plots on the orthogonal coordinate system showing the location of the stem portion of the perforators delin-
eated on photoacoustic images. b) The polar coordinate graph showing the direction and length of the main cutaneous branch of
the perforators. The direction of the 0-180° axis corresponds to the direction of the lateral edge of the LD.

in vivo. Tashiro et al.?> examined 7 TDAP flaps in 7 patients
before surgery. Capillary perforators < 0.5 mm were visual-
ized along the lateral edge of the LD, which were also iden-
tified intraoperatively. Although color Doppler ultrasound
has advantages in that it is mobile and has high resolu-

tion, perforator visualization remains technically demand-
ing. Onoda et al.?> delineated the perforators of various
flaps using multidetector computed tomography (MDCT).
They found that visualization was especially difficult in pa-
tients with a subcutaneous layer thickness of <8 mm. Kim
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Figure 4 Linking vessels delineated on photoacoustic imaging.
a) Photoacoustic image in the frontal view. The long white line
indicates the lateral edge of the LD. The short lines indicate the
distance from the posterior axillary fold. A cutaneous branch
originates from the first perforator and courses transversely to
connect to a perforator network on the dorsal side (rectangle).
b) Lateral view of the linking vessel within the rectangle. The
stem portions of ventral and dorsal perforator networks (ar-
rows) communicate with each other via a cutaneous branch (ar-
rowheads).

Depth of the deep fascia (mm)

s -

T T
Not delineated Delineated

Figure 5 Box-and-whisker plots showing the relationship be-
tween intramuscular blood vessel delineation and depth of the
deep fascia of the LD.
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et al.?* demonstrated improved perforator identification us-
ing MDCT with 0.8 mm slices based on multidirectional ob-
servation. Photoacoustic imaging is less invasive than MDCT.
Moreover, three-dimensional visualization, high spatial res-
olution (0.5 mm), and short examination time (5 min per re-
gion of interest in this study) are strong advantages. Inter-
estingly, 5 of 34 perforators with long cutaneous branches
based on photoacoustic imaging were not identified using
ultrasound. This might be due to the difficulty in searching
for perforators comprehensively using ultrasound.

Knowledge of the distribution of cutaneous TDAP
branches is important in designing flaps with large and com-
plex morphology. Schaverien et al."® dissected cadavers and
infused contrast medium directly into TDAPs to visualize
them in three dimensions using MDCT. They delineated arte-
rial and venous networks in the subcutaneous layer. TDAPs
were distributed in a medial-caudal direction. The maximal
length of the horizontal branch was 41 mm. The present
study found a similar distribution of perforators. In study
participants with a thick subcutaneous layer, long perfora-
tors were observed, with the longest being 78 mm. In study
participants with a thin subcutaneous layer, visualization
of cutaneous branches was very limited; intramuscular ves-
sels were delineated instead. This finding was not consis-
tent with a finding from a previous study’ on anterolateral
thigh perforators, where perforator delineation was limited
to the level of the deep fascia despite the fact that the laser
was theoretically expected to penetrate deeper than that
level. This limited laser penetration was attributed to the
thickness of the lateral fascia lata.?® The thin deep fascia of
the LD 2¢ might have been a cause of visualized intramuscu-
lar or submuscular vessels in this study.

Linking vessels between thoracodorsal and intercostal
angiosomes are important anatomical structures that con-
tribute to a large vascular territory of the lateral chest wall.
Watanabe et al.?” investigated the perfusion system in the
entire LD and overlying subcutaneous layers using fresh ca-
davers. Three vascular territories were identified. They sug-
gested the importance of chock (linking) vessels connecting
the first (most proximal) and second (middle) vascular ter-
ritories. Schaverien et al.” delineated the linking vessels
between thoracodorsal and dorsal intercostal angiosomes in
three dimensions using cadavers with a barium sulfate and
gelatin mixture injection method. Vascular networking oc-
curred through the subdermal plexus, not the suprafascial
plexus. In this study, the linking vessel between the lateral
(thoracodorsal) and medial (dorsal intercostal) perforator
systems was observed in three dimensions. This is the first
report to delineate linking vessels in vivo in three dimen-
sions. Information on the three-dimensional morphology of
cutaneous TDAP branches and their networks with neighbor-
ing vascular territories provided by photoacoustic imaging
might be useful in flap design and thinning. Recently, vas-
cular mapping based on photoacoustic imaging technology
was used in anterolateral thigh thin flap surgery, which was
found to be accurate and useful.?® A detailed map of the
thoracodorsal perforator perfusion system might contribute
to more advanced TDAP surgery with larger skin paddles of
more complicated morphology.

This study had some technical limitations. Perforators
from thoracodorsal arteries have varying courses (i.e., mus-
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culocutaneous or septocutaneous). In cadaveric dissections
performed by Thomas et al.,” a mean of 5.5 TDAPs were
found in the region caudal to the inferior angle of the
scapula, and the ratio of the musculocutaneous to septo-
cutaneous perforators was 3.2. In the present study, we did
not discriminate between these two types of perforators be-
cause soft tissue is not visualized on photoacoustic images.
Moreover, there was a possibility that perforating branches
from the ninth intercostal artery?® might have been con-
sidered perforators in the region of interest defined in this
study, especially perforators located more inferior and close
to the lateral edge of the LD. Concomitant conventional ul-
trasound might enhance the diagnostic accuracy of perfora-
tor identification based on photoacoustic imaging.
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