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Introduction

Hiroo Suami, MD, PhD, Faculty of Medicine, Health and Human
Sciences, Level 1, 75 Talavera Road, Macquarie University, SW 2109,
Australia (e-mail: hiroo.suami@mgq.edu.au).

Anatomies of the vascular and lymphatic systems have been vital research topics in
reconstructive surgery. Harvey was a pioneer who provided the earliest descriptions of the
cutaneous vasculature in the 17th century. The concept of vascular territories of the skin
was first described by Manchot. The radiographic injection method in cadavers was
developed by Salman, who defined more than 80 vascular territories. The arterial system
has been thoroughly investigated with the development of regional and free flaps. The
concept of axial and random pattern flaps was introduced by McGregor and Morgan.
Manchot’s vascular territories were refined by Taylor and Palmer as the angiosome concept.
Detailed information about the venous circulation is essential for reconstructive surgeries.
The concept of intrinsic and extrinsic venocutaneous vascular systems was introduced by
Nakajima and led to the development of the venoadipofascial flap. The importance of
venous augmentation in flap survival was emphasized by Chang. The lymphatic system was
discovered much later than the arterial and venous systems. Aselli was credited for
discovering the lacteal vessels in the 17th century; mercury was popularly used as a contrast
agent to distinguish lymphatic vessels for the next three centuries. A radiographic method
in cadavers was developed by Suami. Lymphaticimaging devices are constantly upgrading,
and photoacoustic imaging was recently introduced for three-dimensional visualization of
architecture of superficial layers of the lymphatic and venous systems.

be closed by primary wound closure. The first description of
flap dates back to 600 B.C., when Sushruta, an Indian physi-

Reconstructive surgery for tissue defects continues to be a
challenging task for surgeons, and local or distant flap
transfer is performed in cases wherein the wound cannot
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cian, documented that cheek flaps were used to reconstruct
amputated noses.' The word “flap” originates from the 16th
century Dutch word “flappen” and refers to an object hanging
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broad and loose and being fastened only by one side. The flap
surgery was initially performed by surgeons who had no
precise knowledge of the vascular anatomy. Therefore, they
did not have sufficient understanding about maintaining the
viability of flaps, and surgical outcomes were usually not
considered favorable. Gillies and Millard adverted that it was
a “constant battle between blood supply and beauty”?.
Although anatomical studies of the vascular system and
development of the various surgical procedures did not occur
concurrently, they are closely interconnected. Anatomical
studies of the vascular system are essential for surgeons to
perform reliable reconstructive surgery.

The human vasculature has been investigated over centu-
ries; however, knowledge gaps exist in performing safe
reconstructive procedures. This article aims to provide a
chronological overview of the literature and research on
the anatomy of the human vasculature and to discuss how
these studies contributed to the development and refine-
ment of various flaps and assist surgeons in performing
lymphatic surgery during reconstructive plastic surgery.

Arterial System

Vascular Territories of the Skin
Galen, a Greek physician, was the first researcher to distin-
guish between arteries and veins. He also recognized that

®

arteries carry blood instead of oxygen. However, he believed
that the arteries and veins were independent one-way tracts
with no connections. In 1628, Harvey corrected this long-
standing misunderstanding and proposed that blood circu-
lates through the body via arteries and veins and that the
heart pumps blood.>

The concept of vascular territories of the skin was
depicted by Manchot through his dissections of cutaneous
vessels in cadavers (~Fig. 1).* Each vascular territory of the
skin was defined by the target area to which each source
artery and its branches supplied blood. He could not benefit
from radiography in his study because it was conducted
before Réentgen discovered radiation. However, Manchot’s
findings were later proven to be remarkably accurate by
radiographic injection studies. Unfortunately, his work was
known by only a few surgeons until it was translated into
English.”

The revolutionary anatomical study was conducted by
Michel Salmon in 1936. His work refined Manchot’s results
through the extensive use of radiography. He developed the
intravascular injection technique with the mixture of lead
oxide, gelatin, phenol, and water, which enabled the demon-
stration of smaller vessels on radiographs.®’ He defined
more than 80 vascular territories in the entire body in his
book (=Fig. 2). Salmon focused on the interconnections
between the source arteries, investigated the density and

Fig. 1 Carl Manchot’s vascular territories of the human integument. (From Manchot C. Die Haut Arterien des menschlichen Korpers. Leipzig:

FCW Vogel; 1889.)
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. Occipital artery

. Superficial temporal artery

. Ophthalmic artery

. Sternocleidomastoid artery

. Facial artery

. Thyroid arteries

. Transverse cervical and suprascapular

arteries
. Deltoid branch of the
acromiothoracic trunk

9. Circumflex humeral arteries

10. Small thoracic branches of the
acromiothoracic trunk

11. Profunda brachii artery

12. Brachial artery (muscular branches)

13. Brachial artery (direct branches)

14. Epicondylar arteries

15. Epitrochlear arteries

16. Radial artery

17. Ulnar artery

18. Deep palmar arch

19. Superficial palmar arch

20. Anterior interosseous artery

21. Internal mammary artery

22. External mammary (lateral thoracic)
and subscapular arteries

23. Intercostal arteries

24. Superficial superior epigastic artery

25. Lumbar arteries

26. Inferior superficial epigastric artery

27. Deep epigastric artery

28. External superior pudendal artery

29. External inferior pudendal artery

30. Superficial circumflex iliac artery

31. Femoral artery

32. Artery to the vastus lateralis muscle

33. Superficial femoral artery

34. Artery to the adductor muscles

35. Lateral articular branches

36. Medial articular branches

37. Genus descendens artery

38. Anterior tibial artery

39. Posterior tibial artery

40. Peroneal artery

41. Dorsalis pedis artery

42. Medial plantar artery

NoOUAWN =

©

Anterior view

Evolution of Studies on Vascular Anatomy Woo et al.

1. Superficial temporal artery

2. Occipital artery

3. Posterior auricular artery

4. Deep cervical artery

5. Sternocleidomastoid artery

6. Deep branch of the transverse cervical
artery

7. Suprascapular artery

8. Dorsospinal branch of the intercostal
artery

9. Subscapular artery

10. Posterior circumflex humeral artery

11. Brachial artery (medial collateral
branches)

12. Profunda brachii artery

13. Posterior recurrent ulnar artery

14. Radial recurrent artery

15. Ulnar artery

16. Posterior interosseous artery

17. Anterior interosseous artery

18. Dorsal branch of the ulnar artery

19. Dorsal carpal artery

20. Posterior interosseous arteries

21. Deep palmar arch

22. Digital arteries

23. Intercostal arteries (perforating branches)

24. Lumbar arteries (dorsospinal branches)

25. Lumbear arteries (perforating branches)

26. Superficial circumflex iliac artery

27. Superior gluteal artery

28. Internal pudendal artery

29. Inferior gluteal artery

30. Artery to the adductors

31. Artery accompanying the sciatic nerve

32. and 33. Perforating arteries

34. Popliteal artery

35. Gastrocnemius arteries

36. Small saphenous artery

37. Posterior tibial artery

38. Peroneal artery

39. Dorsalis pedis artery

40. Medial plantar artery

Posterior view

Fig.2 Michel Salmon’svascular territories of the human body. (Reproduced from Zenn, Jones, Reconstructive Surgery Anatomy, Technique, and
Clinical Applications, ©2012, Thieme Publishers, New York, with permission.)

size of blood vessels in the different parts of the body, and
distinguished between hyper- and hypovascular zones.

The arterial territories of the skin were studied in vivo by
Nakajima et al, in 1981.%8 When they performed selective
angiography on peripheral arteries in patients, prostaglandin
E1 was injected for vasodilation before injection of radio-
contrast media. The prostaglandin injection caused flushing
of the skin in the respective area, and they were able to
distinguish between the source arteries and their corre-
sponding skin territories. In 1996, Cormack and Lamberty
classified the vascular territories of cutaneous flap into three
types: anatomical, dynamic, and potential vascular territo-
ries.? The anatomical territory refers to the area supplied by a
vessel before it anastomoses with any other vessels. The
dynamic territory develops after flap elevation when a
cutaneous vessel is divided, but the original area of blood
supply remains viable due to the rearrangement of the local
blood flow such that an adjacent vessel invades that territory.
The potential territory of a cutaneous vessel includes areas
beyond its dynamic territories and can only be captured
following a delay procedure.

Subsequently, Taylor and Palmer proposed the “angiosome”
concept of the body in 1987 (~Fig. 3). Angiosome is derived
from the Greek words “angeion and somat”, which refers to a
composite block of tissue supplied by a source artery. Their
concept assisted in the development of various free flaps
including cutaneous, musculocutaneous, and osteal flaps
and vascularized nerve grafts. They applied the radiocontrast

injection method developed by Salmon to their cadaver stud-
ies. The original study was followed by studies of specific body
parts."’ "4 These studies strengthened the angiosome concept
of blood supply and revealed the interconnections between
adjacent vascular regions via choke vessels.

Geddes et al attempted to standardize the nomencla-
ture of perforator flaps by describing all perforator flaps
in 2003." Tang and Morris introduced a new three-
dimensional (3D) visualization technique for vessels
using angiography and 3D reconstruction software in
2008.'® This new technique provided fine microvascular
perfusion with higher radio-opacity and elimination of
problems of superimposition, and it was suitable for the
assessment of anatomical variation within a large sample
population.

Saint-Cyr et al investigated individual perforator territo-
ries and the flow characteristics between them using the 3D
computed tomography (CT) angiographic perfusion method
in 2009."7 The results provided impetus for vascular knowl-
edge from the source artery to the perforator level. The
vascular territory of an individual perforator was termed
“perforasome.” CT angiography revealed that each perfora-
some is connected to adjacent perforasomes through direct
or indirect linking of vessels.

Patterns of Blood Supply to the Skin
In 1893, Werner Spalteholz provided some of the earliest
descriptions of cutaneous vasculature by arterial injections

Archives of Plastic Surgery  Vol. 49 No. 6/2022 © 2022. The Korean Society of Plastic and Reconstructive Surgeons. All rights reserved.
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Fig.3 lanTaylor’s vascular territories (angiosomes) of the integument of the skin according to the source vessel of the perforator (1, thyroid; 2,
facial; 3, buccal internal maxillary; 4, ophthalmic; 5, superficial temporal; 6, occipital; 7, deep cervical; 8, transverse cervical; 9, acromiothoracic;
10, suprascapular; 11, posterior circumflex humeral; 12, circumflex scapular; 13, profunda brachii; 14, brachial; 15, ulnar; 16, radial; 17,
posterior intercostals; 18, lumbar; 19, superior gluteal; 20, inferior gluteal; 21, profunda femoris; 22, popliteal; 22A, descending geniculate
saphenous; 23, sural; 24, peroneal; 25, lateral plantar; 26, anterior tibial; 27, lateral femoral circumflex; 28, adductor profunda; 29, medial
plantar; 30, posterior tibial; 31, superficial femoral; 32, common femoral; 33, deep circumflex iliac; 34, deep inferior epigastric; 35, internal
thoracic; 36, lateral thoracic; 37, thoracodorsal; 38, posterior interosseous; 39, anterior interosseous; 40, internal pudendal). (Reproduced from
Zenn, Jones, Reconstructive Surgery Anatomy, Technique, and Clinical Applications, ©2012, Thieme Publishers, New York, with permission.)

of gelatin and various pigments.'8 He classified the cutane-
ous arteries into two: direct and indirect. The direct cutane-
ous arteries extend directly into the skin by traveling through
the intermuscular septa without passing through the muscle
belly. In contrast, the indirect cutaneous artery supplies both
the deeper tissues, such as muscles, and the skin.

In 1973, McGregor and Morgan found large subcutaneous
vessels in several parts of the body and large cutaneous flaps
could be raised from these vessels.'® They named one such
flap as the “axial pattern flap” that had an inbuilt arteriove-
nous system. The other flap was called a “random pattern
flap” without such a vascular system. Recognition of the axial
pattern flap required detailed knowledge about the vascular
anatomy including the variants. McGregor and Morgan in-
vestigated the demarcation of the skin territories corre-
sponding to individual arteries and found that the vascular
boundaries were not fixed and could be altered, and a
“watershed” zone existed between territories. They postu-
lated that the boundary may be determined by a dynamic

pressure equilibrium existing in the blood vessels of each
territory.

Indocyanine green (ICG) angiography is a recent imaging
tool used to visualize the vasculature in vivo; it enabled
mapping of the terminal portion of the skin perforator that
branches up to approximately 0.1 mm. Narushima used ICG
angiography during flap surgeries and proposed the pure
skin perforator concept in 2018.2° They described that the
pure skin perforator flap can be elevated based on branches
of the perforating artery directly supplying blood to the deep
dermal layer. They reported that branches of pure skin
perforators formed intradermal anastomoses with the adja-
cent pure skin perforator territory and allowed safe expan-
sion of the flap to the adjacent territory.

Venous System

In the 16th century, arteries and veins were thought to be
two separate systems. Vesalius described the vein as the vital

Archives of Plastic Surgery  Vol. 49 No. 6/2022 © 2022. The Korean Society of Plastic and Reconstructive Surgeons. All rights reserved.



vascular system. He believed that the vein carried blood and
nutrients from the core of the body to its periphery.?' For the
first time in 1628, Harvey published a treatise on veins that
proved that arteries and veins belonged to a single circulato-
ry system.?? He also proved the presence of valvular struc-
tures in the vein by a simple experiment; when a tourniquet
was applied to the upper arm and the cutaneous veins in the
forearm were distended, the proximal portion of the
obstructed vein remained empty on palpation with a finger
because venous valves stopped blood reflux from the proxi-
mal site.

Anatomy of the venous system had been ignored in
plastic surgical research. Plastic surgeons conventionally
believed that arterial supply was most essential for flap
survival and that venous drainage was less important.
However, introduction of the free flap necessitated further
investigation into the effects of venous drainage on flap
physiology.

Anatomists investigated the venous system in cadavers.
Unlike dissection studies of the arterial system, injection into
the venous system was challenging because venous valves
prevented retrograde filling. Taylor mapped the direction
and locations of venous valves and proposed the “venosome”
concept in 1987.23 The venous drainage of the skin and
subcutaneous tissue consists of two separated systems:
the primary and secondary venous systems interconnected
by valveless (oscillating or bidirectional) veins (=Fig. 4).
Veins in the secondary venous system run along the arteries;
thus, the direct and indirect cutaneous arteries are associat-
ed with concomitant veins. They drain into the venae com-
itantes of the source arteries in the deep tissue. The primary
system is composed of longitudinal subcutaneous veins
including the cephalic, basilic, saphenous, and superficial
inferior epigastric veins. They contribute to thermoregula-
tion and are often accompanied by cutaneous nerves.

Blood supply to the flaps has been focused on branches of
the source arteries. However, Nakajima et al considered that
the arteries accompanying the cutaneous vein could be
utilized as blood supply to the flaps and introduced a new
flap design concept in 1998.2% They identified two types of
arteries accompanying the cutaneous vein: intrinsic and
extrinsic venocutaneous vascular systems. The intrinsic vas-
cular system is the same vasculature known as the vasa
vasorum surrounding the venous wall, and the extrinsic
vascular system formed a network around the vein.?>2

The discovery of venocutaneous vascular systems led to
the development of new pedicled flap named veno-accom-
panying artery fasciocutaneous (VAF) flap. While most ex-
perimental studies focused on supercharging arterial supply
to increase flap survival, Chang reported that venous aug-
mentation contributed to flap survival in an animal study.?’
Imanishi et al depicted the 3D venous polygons underneath
the dermis and hypothesized that the congestive necrosis of
a flap resulted from the obstruction of venous flow specifi-
cally in a horizontal plane.?® Imanishi also emphasized the
importance of preserving the polygonal venous network
beneath the dermis during thinning procedure to raise a
super thin flap.?°

Archives of Plastic Surgery  Vol. 49 No. 6/2022
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D CG//
Fig. 4 lan Taylor’s diagram of venosome concept (S, superficial
venous system; D, deep venous system; C, vena communicans). (From
Taylor Gl, Caddy CM, Watterson PA, et al. The Venous Territories

(venosomes) of the human body. Plastic and Reconstructive Surgery.
1990;86(2):185-213, with permission.)

Lymphatic System

Anatomy of Lymphatic Vessels

Compared with the arterial and venous systems, the lym-
phatic system was discovered much later in the 17th century
and was not given much attention in anatomy. Hippocrates
provided the first description of the lymphatic system as
white blood around 400 BC.3? Vesalius, the “Father of Anato-
my,” did not mention about lymphatic vessels or could
hypothesize why the body would require a third set of
vessels. Aselli, an Italian anatomist and surgeon, incidentally
discovered the lacteal vessels in canine mesentery when he
was asked to demonstrate the autonomic nerves in 1627.3!
He recognized the significance of his discovery, and barely
restraining his delight, shouted “Eureka” upon the discovery
of the exceedingly thin and attractively white, scattered
cords near the intestines.

Nuck used mercury to delineate the lymphatic vessels and
published his findings on the lymphatics in the uterus, in
169232 This mercury injection technique served as the
stepping stone for the fundamental anatomical works of
lymphatic topography depicted by Cruickshank?? and Mas-
cagni and Sanctius.>* Mascagni and Sanctius published a
masterpiece anatomic atlas of the lymphatics in 1748
(=Fig. 5). Hunter, Hewson, and Cruickshank described the
anatomy and function of the lymphatics in 1786.3% Their
work is still recognized as the basis of the understanding of
the lymphatic system. In 1874, Sappey also used Nuck’s
mercury technique and published his findings of the lym-
phatic system with excellent etching Figs.>®

Gerota developed a new technique using Prussian blue in
turpentine and ether in place of mercury due to its toxicity.>®
Since the injected dye in Gerota’s method could not travel
long distances, anatomists had to use smaller specimens
such as fetal or child cadavers. This material issue became a

© 2022. The Korean Society of Plastic and Reconstructive Surgeons. All rights reserved.
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Fig. 5 Mascani’s anatomic atlas of the lymphatics. (From Mascagni P.
Vasorum lymphaticorum Corporis Humani Historia et ichnographia.
Senis: Pazzini; 1787.)

potential barrier to conducting these anatomical studies of
the lymphatics. In 2005, Suami et al developed a new method
for demonstrating and recording the lymphatic anatomy in
fresh adult cadavers on radiographs.>” When hydrogen
peroxide (3%) or a mixture of hydrogen peroxide and acrylic
blue dye was injected into the skin or soft tissue of cadavers,
fine oxygen bubbles were produced, which inflated the
lymphatic vessels and made them identifiable under a
surgical microscope. Suami refined his method using an
extruded glass tube for cannulation into smaller lymphatic
vessels with calibers below 0.3 mm>® (~Fig. 6).

Since Sappey depicted the anatomy of the lymphatic
system in an atlas in the late 19th century, there have been
few updates regarding lymphatic mapping of the whole
body. However, there has been an increasing demand for
an accurate map of the lymphatic system because this
anatomical information helps to predict cancer metastasis
including sentinel node biopsy and aids the understanding of
pathological changes occurring in lymphedema. Thus, Suami
introduced the “lymphosome” concept in 2017 that provided
color-coded lymphatic territories demarcated by corre-
sponding groups of lymph nodes.>®

Clinical Imaging of Lymphatic Vessels
Lymphatic vessels have a thin wall and small diameter and
transport clear lymph fluid. These characteristics make them

Fig. 6 Suami’s injection technique using hydrogen peroxide. Lym-
phatic vessels (small black arrows) and veins (large white arrows) have
been inflated with (above) hydrogen peroxide and were injected with
(below) radiopaque lead oxide. (From Suami H, Taylor Gl, Pan W-R.
Refinements of the radiographic cadaver injection technique for
investigating minute lymphatic vessels. Plastic and Reconstructive
Surgery. 2007;120(1):61-7, with permission.)

difficult to locate and cannulate for angiographic techniques.
Therefore, imaging techniques rely on the spontaneous abili-
ty of lymphatic vessels to absorb the injected tracers into the
interstitial tissue space.

Hudack and McMaster intradermally injected patent blue
violet into their arms to visualize lymphatic capillaries.*°
Kinmonth developed the lymphangiography technique in
1952*! (~Fig. 7). He used patent blue violet to identify a
lymphatic vessel in the dorsum of the hand and foot, cannu-
lated a fine needle into the vessel, and injected radiocontrast
media.

Walker first used nuclear radiotracers to map lymphatic
drainage in 1950.? Sherman and Ter-Pogossian showed that
colloidal gold could be traced from the point of intradermal
injection to the regional lymph nodes in 1953.#> Sage and
Gozun reported using colloidal protein labeled with gold'9®
in a dog to obtain images of lymphatic scintigraphy.**
Lymphoscintigraphy was initially performed for the evalua-
tion of lymphedema® and visualization of internal mam-
mary lymph nodes in patients with breast cancer.®

Archives of Plastic Surgery  Vol. 49 No. 6/2022 © 2022. The Korean Society of Plastic and Reconstructive Surgeons. All rights reserved.



Fig. 7 Kinmonth’s lymphangiography technique. Diodone was
injected to exposed lymphatic on the dorsum of the foot. (From
Kinmonth JB. Lymphangiography in man; a method of outlining
lymphatic trunks at operation. Clinical Science, 11(1), 13-20, with
permission.)

Single-photon emission computed tomography (SPECT)
uses triangulation of data from multiple detectors to recon-
struct a 3D image of a radiotracer.*’ SPECT/CT has been
developed to improve the poor spatial resolution of SPECT; it
is useful in analyzing lymph drainage and identifying senti-
nel lymph nodes.*8:4°

Ogata et al., first reported the clinical application of ICG
lymphography with near-infrared imaging for mapping the
lymphatic vessels in lymphedema in 2007.>%->" ICG lymphog-
raphy was able to demonstrate the lymphatics in real time
without exposure to radiation. Unno et al described the use
of ICG lymphography for diagnosing lymphedema of the
lower extremity and described the four abnormal patterns
of lymph drainage identified in the patients.>?

Liu and Wang introduced contrast-enhanced magnetic
resonance lymphography (MRL) for the diagnosis of lym-
phatic disorders as well as dilated lymphatic collectors in
1996.3 They improved the quality of the lymphatic vascula-
ture images obtained with the 3D construction technique.>*
3D MRL provided information on the altered lymphatic
anatomy and the soft tissue changes in lymphedema. During
acquisition of MR lymphangiography, venous enhancement
can load interpretative challenges in differentiating enhanc-
ing lymphatic channels from superficial veins. Mitsumori
et al introduced incorporation of a delayed MR venogram to
the examination protocol, or using iron-based blood-pool
contrast agent (Ferumoxytol) to selectively remove venous
signal to create a lymphatic-only image.”®

Evolution of Studies on Vascular Anatomy Woo et al.

Kajita and Kishi used a 3D photoacoustic imaging (PAI)
system to visualize lymphatic and venous systems with
diameters of up to 0.2mm.>® The imaging system (PAL,
photoacoustic lymphangiography) enabled the differentia-
tion of lymphatic vessels from blood vessels by assigning
different color codes.>”® (~Fig. 8). The multispectral opto-
acoustic imaging tomography system uses the same tech-
nology but has a hand-held probe similar to that used in
ultrasound.®® Both PAI devices use ICG as a contrast medium
for demonstrating lymphatic vessels and simultaneously
obtaining 3D images of the vein.”’*%%0 The outstanding
features of PAL allow direct observation of lymphaticove-
nous anastomosis anastomosis and postoperative patency.
However, PAI can degrade image quality in areas with thick
subcutaneous tissue commonly seen in patients with lymph-
edema due to light penetration. Also, differences in the sound
velocity in tissues can interfere with the reconstruction of
clear images in the intensity of the PA signal.®! PAI is an
emerging technology currently in development.

Conclusion

The evolution of our understanding of microvascular and
lymphatic anatomy in plastic surgery has been made possi-
ble by the chronological accumulation of knowledge, prog-
ress of research methods, and technological advancement of
imaging devices. This achievement was also supported by
extensive efforts from numerous anatomists and scientists.
Plastic surgeons and trainees should be aware and be re-
spectful of the landmark studies described in this article.
Further advancement in the field of vascular anatomy would
be built upon these pioneering works.

Fig. 8 Kajita’s visualization of lymphatic and venous system with
three-dimensional (3D) photoacoustic imaging system. Multiple
lymphatic vessels (blue) and veins (green) are shown with 3D rela-
tionship. (From Suzuki Y, Kajita H, Konishi N, et al. Subcutaneous
lymphatic vessels in the lower extremities: Comparison between
photoacoustic lymphangiography and near-infrared fluorescence
lymphangiography. Radiology. 2020;295(2):469-74, with
permission.)
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