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Abstract

Functional muscle transfer requires a donor muscle with reliable vascularity. The
goal of functional muscle transfer is to restore active motion. The main focus of this

project was on potential donor muscles for functional muscle transfer.

We hypothesized that muscles are supplied by a consistent number of predictable

vascular pedicles that originated from defined number of source arteries (angiosomes).

The literature was reviewed, and 2339 angiograms from 40 cadavers were
analyzed. Seven cadavers were injected utilizing a modified lead oxide injection
technique. Twenty skeletal muscles selected based on surgical suitability were studied.
Vascular pedicles with diameters > 0.5 mm were measured from dissections, and
measurements from stereolithography models. Mean muscle surface area, volume, length

and diameters of each vessel were recorded.

In conclusion, our hypothesis that skeletal muscles have a consistent and
predictable blood supply held true, and the three dimensional models provided valuable

qualitative and quantitative anatomical data.

Xvil



List of Abbreviations Used

ACHA

ADM

ADTA

ALT

APB

APM

CSA

DCIA

DCM

DIEA

DIOM

DMA

DMCA

DPA

DSA

Anterior circumflex humeral artery

Adductor digiti minimi

Anterior Deep Temporal Artery

Anterior Lateral thigh

Abductor pollicis Brevis

Adductor pollicis muscle

Circumflex scapular artery

Deep circumflex iliac artery

Digital Imaging and Communications in Medicine

Deep Inferior Epigastric Artery

Dorsal Interosseus Muscle

Deep Masseteric Artery

Dorsal Metacarpal Artery

Deep Plantar arch, Deep Palmar Arch

Dorsal Scapular Artery

XViii



DTCA

ECRB

ECRL

ECU

EDC

EDM

FCAT

FDP

FDS

FHL

FPB

FPL

GPU

IGA

IMA

KCL

LCFA

Deep Transverse Cervical Artery

Extensor Carpi Radialis Brevis

Extensor Carpi Radialis Longus

Extensor Carpi Ulnaris

Extensor Digitorum communis

Extensor Digiti Minimi

Federative Committee on Anatomical Terminology

Flexor Digitorum Profundus

Flexor Digitorum Superficialis

Flexor Hallucis Longus

Flexor Pollicis Brevis

Flexor Pollicis Longus

Graphics processing unit

Inferior Gluteal Artery

Inferior Masseteric Artery

Potassium chloride

Lateral Circumflex Femoral Artery

X1X



LPA

LTA

MIMICS

MI

MPA

MRI

MTA

OPM

PCHA

PDTA

PICA

PIOM

PMA

PPA

PVD

RIA

SMA

Lateral Plantar Artery

Lateral Thoracic Artery

Materialise’s Interactive Medical Image Control System

Myocardial Ischemia/Infarction

Medial Plantar Artery

Magnetic resonance imaging

Middle Temporal Artery

Opponens Pollicis Muscle

Posterior Circumflex Humeral artery

Posterior Deep Temporal Artery

Posterior Intercostal Arteries

Palmar Interossei Muscles

Palmar Metacarpal Artery

Princeps Pollicis Artery

Peripheral Vascular Disease

Radialis Indicis Artery

Superior Masseteric Artery

XX



SSA Suprascapular Artery

STA Superficial Temporal Artery

STCA Superficial Transverse Cervical Artery

STL Standard Tessellation Language
TCA Transverse Cervical Artery
TDA Thoracodorsal Artery

TDAP Thoracodorsal Artery Perforator

TFL Tensor Fascia Lata

TLP Thoracolumbar Perforators

TRAMP Transveres Rectus Abdominis Muscle Perforator

xXxi



Acknowledgments

I would like to thank my supervisor Dr. Steven Morris not only for his guidance and support, but also
for being my inspiration to pursue this project. Many thanks to my friend Dr. Maolin Tang for his
support and contribution. I would like to thank Dr. Kazue Semba, and my thesis committee members
Dr. William Baldridge, Dr. Boris Kablar, and Dr. Frank Smith. Finally, I would like to thank my good

friend Michael Butler for his continuous support and keen interest in anatomy.

“Not everything that can be counted counts, and not everything that counts can be counted”

Albert Einstein

xxil



Chapter 1.0 Introduction

In reconstructive microsurgery, large soft tissue defects in the body are
reconstructed using tissues transferred from other regions of the body. The soft tissue
defects may result from trauma, limb amputation, congenital causes or after the removal
of large tumors. The techniques utilized to reconstruct these wounds have evolved over
the past few decades. Skeletal muscle has been used in reconstructive surgery in two

major areas: soft tissue coverage and functioning muscle transfer.

In soft tissue (skin, fat, muscle) reconstruction using skeletal muscle, the muscle
may be transferred as a pedicled transfer (still attached to its origin or insertion) or as a
free microvascular tissue transfer (muscle is transplanted and reattached with
microvascular anastomoses of the artery and vein and sometimes nerve). The most
common mechanisms of muscle injury are direct trauma to the muscle compartment,
ischemic paralysis, nerve injury, and tumor resection.' It is critical to understand the
three-dimensional neurovascular intramuscular anatomy of the skeletal muscles of the
body in order to optimize the results of muscle transfer and in particular, determine the

most suitable muscle for a segmental or whole muscle transfer.

The objective of this thesis project is to comprehensively document the three-
dimensional vascular anatomy of muscles of the body. This information will be used to

customize clinical procedures for segmental or whole muscle microsurgical transfer.



1.1 Historical Background

The quest for functional restoration of areas of head, neck, upper and lower
extremities by means of free functioning muscle transfers has spanned several continents
and several decades. Substitution of functional loss by microneurovascular transfer of a
muscle from its donor site to the face or the extremities is the goal of free functioning

muscle transfer procedures.

Muscle transfer for restoration of function is a complex procedure that requires a
donor muscle with reliable and suitable anatomy and appropriate dynamic structure to
meet the functional needs of the recipient site. The goal of functional muscle transfer is to
restore active motion and satisfy a patient’s particular functional need. The success of
such procedures is dependent on the ability of the surgeon to select the most appropriate
muscle. The muscle selected must be well vascularized. Anatomical dissections and dye
injections have been used to demonstrate anatomical variations. > Ariyan in 1980, stressed
the territorial nature of blood supply to muscle flaps.’ In 1981, Mathes and Nahai
published their classification of muscle circulation based on their 10 year experience with
dissections and angiographic studies. Their classification remains the cornerstone used to
determine the usefulness of muscle as surgical flaps.*® Tobin expanded on the work of
Mathes and Nahai and studied some common muscle flaps and their intramuscular
neurovascular anatomy. Tobin demonstrated in the latissimus dorsi of humans and dogs

the presence of muscular subunits that could be manipulated surgically.”®

Manketlow and Zuker described functional muscle transfers based on their
neurovascular studies of the pectoralis and gracilis muscle. These flaps were segmental

and transferred as free flaps for hand reconstruction.”'?



Cormack and Lamberty described the arterial supply to muscles in their
comprehensive text. ' In 1987, Taylor and Palmer introduced the Angiosome concept.
Based on their two dimensional angiographic studies, they proposed that the body is a
three-dimensional jigsaw made up of composite blocks of tissues supplied by named
source arteries.'* Taylor and colleagues categorized individual muscles based on their
most common mode of innervation, the classification does not take into account the

intramuscular patterns of innervation."

In 1970, Tamai and colleagues provided electrophysiological evidence of muscle
contraction after the successful transfer of a rectus femoris muscle to a forelimb in a
canine model. Three years later, microsurgeons at the Sixth People’s Hospital in Shanghai
successfully transferred the lateral portion of the pectoralis major muscle in a patient with
Volkmann’s ischemic contracture.'® This was the first successful clinical application of
functioning muscle transfer. Harii and colleagues demonstrated the role of functioning
muscle transplantation for the rehabilitation of facial paralysis in 1976.""In 1996, Kubo
and colleagues demonstrated the normal histological appearance of muscle after its

microsurgical transfer. '*

1.2 The Evolution of Angiography

The utility of radiographic contrast material in mapping the arterial supply to
skeletal muscles was described almost a hundred years ago. The first angiogram was
produced by Hascheck in 1986." Angiographic techniques have continued to evolve and
currently the gold standard method for 2 dimensional angiograms is the lead oxide gelatin

2022
technique.



Knowledge of the three dimensional vascular anatomy is crucial to optimize the
result of free tissue transfer.”** Several authors have utilized this technology to answer
questions relevant to their daily practice. In 2007 Tregaskiss et al. described a method for
imaging microvascular anatomy in three dimensions. Their study produced very low
quality images and most importantly lacked quantitative analysis of the anatomy.*
Tregaskiss employed his technique to study the anatomy of the anterior abdominal wall
and described the unique vascular anatomy of the deep inferior epigastric artery (DIEA)
to explain the ischemia-related morbidity observed with DIEA-based perforator flaps.
They concluded that preservation of superficial epigastric perforators adjacent to the
costal margin during abdominoplasty will likely improve abdominal wall perfusion and

reduce donor-site morbidity.”

In a recent study Saint-Cyr et al. described the use of three dimensional imaging
in planning the anterolateral thigh (ALT) flap and noted the difference in outcomes in

thinned ALT flaps between Caucasian and Asian populations.®”*!

In a separate study,
Schaverien et al. was also able to demonstrate the safety of thinning the thoracodorsal

artery perforator flap (TAP) using the same technique.*

1.3 Current Angiographic Techniques

Optimal results are obtained when cadavers are injected with lead oxide and then
radiographed. However, the lead oxide produces significant artefact when computed
tomography is used. Ideally, a CT scan of the injected cadaver should be obtained to
provide three-dimensional models of the injected cadaver. However, current techniques
do not allow the high-resolution angiograms that the lead oxide injection technique

provides in three dimensions due to the CT artefact issue. A recent literature review of



post-mortem angiography outlined the need for future studies to look at the optimal
injection mixture for computed tomography when three dimensional models are to be

considered.” Figure 1 demonstrates the artefacts associated with conventional techniques.

1.4 Classification of Skeletal Muscles

Muscles can be classified in variety of ways, and there are many physiological and
morphological classifications. The utility of each classification system depends on the
field of study. In reconstructive surgery success is predicated upon the availability of
robust blood supply and effective venous drainage, and therefore a muscle classification
system based on vascularity provides an excellent framework to facilitate the selection of

a muscle for local or distant transfer.

The only classification based on the vascular supply to skeletal muscles was
introduced by Mathes and Nahai.* This classification is widely accepted among
reconstructive surgeons. The classification was reported following a single cadaver
dissection in 1981, yet this classification has been very useful for surgeons to
conceptualize the vascularity of muscles and plan surgeries.’ This classification is based
on the "pattern" of vascular supply to skeletal muscles. Figure 2 illustrates the five

patterns of blood supply to skeletal muscles as described by Mathes and Nahai.



Figure 1: Current Techniques in Angiography

A. Cross sectional X-ray Image of a lead oxide injected cadaver; note the fine details of
vasculatures; B. Axial cross section of CT scanned cadaver with heavy artifacts

generated by the lead oxide technique.



Typel: Type Il: Type llII:

Figure 2: Mathes and Nahai's Classification

I- Muscles that receive only one major pedicle.

II- Muscles that receive major pedicle(s) and minor pedicle(s) that belong to the same
trunk.

ITI- Muscles that receive two or more dominant pedicles, with both pedicles from a
different arterial source or on the opposite side of each other.

IV- Muscles that receive segmental supply in which no segment provides larger supply
to the muscle than any of the other segments supplying the muscle.

V- Muscles that receive a single dominant pedicle and several segmental blood vessels
supplying the muscle. The segmental blood vessels are capable of supplying the muscle
on their own and the source of these segmental vessels is different than the major

pedicle.*



1.5 Objectives

This thesis project is a two-phase study. The objective of the preliminary phase of
this thesis was to document the vascular supply to skeletal muscles and to clarify the

classification of muscles according to their pattern and origin of blood supply.

1.5.1 Phase I: Evaluating Mathes and Nahai's Classification

In Phase One of this thesis, data from 40 fresh cadavers that were previously
injected with the lead oxide, gelatin and water arterial injection technique were analyzed.
Angiograms and dissections were reviewed to document the observed pattern of vascular
supply to skeletal muscles. In addition, a comprehensive review of the literature
pertaining to the vascular anatomy of skeletal muscles was undertaken. The objective of
this study was to compare the Mathes and Nahai's classification to a large series of

muscle injection studies.

1.5.2 Phase II: Three Dimensional Analysis of Human Skeletal Muscles

The objective of this phase was to comprehensively document vascular anatomy
to a selected group of surgically accessible muscles using a novel three-dimensional
technique. This was a two-part study. Part A was a pilot study conducted to select the
best injection mixture that will produce the highest quality three-dimensional models. In
Part B, 7 cadavers with whole body injection and CT scans were analyzed using a novel

three-dimensional technique.



1.5.2.1 Part (A) Animal Injection Study

In Part A, a series of modified injection techniques were performed using an
animal model to optimize the 3-dimensional CT scanning of anatomical specimens in
order to use this technique in human cadavers to obtain 3-D imaging of the arterial
anatomy of skeletal muscles. The objectives of Part A was (i) to define the best injection
protocol for 3D evaluation of the vascular anatomy, (ii) to reduce artifacts and noise by
defining the appropriate CT Scanner Settings, and (iii) to determine the smallest vessel

caliber traceable with this technique

1.5.2.2 Part (B) Cadaver Injection Study

In Part B, 7 cadavers were dissected and the three dimensional vascular anatomy
was studied. The objectives of Part B was (i) to measure, in 2 dimensions, the muscle
surface area supplied by each pedicle reported in percentage and average surface area
cm?, (ii) to measure the average volume in cm’ of each muscle, (iii) the percentage of
volume supplied by each vascular pedicle, (iv) to document average pedicle lengths, extra
and intramuscular arterial diameters, and (v) to define surface landmarks of entry points

of vessels to facilitate their surgical harvest.

1.5.2.3 Ethics statement

Strict adherence to the Dalhousie University ethical guidelines was practiced.
Ethics approval for both studies was obtained from Dalhousie University research ethics
board, and additional ethics approval for the animal study was obtained from the

University council on laboratory animals.



Chapter 2.0 Evaluating Mathes and Nahai's Classification (Phase I)

K Almutairi, M Tang, SF Morris. The Vascular Supply of Muscles of the Body.

Plastic and Reconstructive Surgery. 121: 98, 2008. (Published Abstract)
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Abstract: The Vascular Supply of Muscles of the Body

Knowledge of the vascular anatomy of skeletal muscles is of great importance to
the reconstructive surgeon. Mathes and Nahai originally presented their classification in
1981 based on the pattern of vascular supply to individual muscles, and today this

classification is very popular. *

The objective of this study was to review the pattern of vascular supply to

skeletal muscles of the human body in a series of 40 cadavers.

The lead oxide, gelatin and water arterial injection technique was utilized in a
series of 40 cadavers. A total of 2339 muscles were individually dissected, and two-
dimensional angiograms were obtained. The angiograms were scanned, and the vascular
supply to each muscle was classified according to the five groups described by Mathes

and Nahai. The variability of muscle vascular supply was assessed.

A total of 72% of all muscles studies could be classified according to the Mathes
and Nabhai classification. We found that many muscles had variable patterns of vascular
supply, and a significant number of muscles (28%) exhibited a pattern of vascular supply

that did not fit the Mathes and Nahai’s classification.

In conclusion, this study demonstrates the excellent quality of angiograms
produced by the lead oxide injection technique. As well, we observed significant vascular

variability in skeletal muscle, which can produce variable clinical results.

11



2.1 Materials and Methods

The lead oxide, gelatin and water arterial injection technique was utilized in a
series of 40 cadavers.””**** All cadavers were obtained via the Dalhousie University
Donor program. None of the cadavers had any peripheral vascular disease or any other
pathology that could impair our dissection or angiographic studies. Prior to dissection, all
cadavers were injected with lead oxide and then radiographed. The dissection process

involved step by step photography of muscles and their arterial pedicles.

A total of 2339 muscles were individually dissected, and two-dimensional angiograms
were obtained. The angiograms were scanned, and the vascular supply to each muscle
was classified according to the five groups described by Mathes and Nahai. In addition,
the literature related to the 126 skeletal muscles was reviewed from the early 1900's. The

variability of muscle blood supply patterns was assessed.

2.2 Results and Findings of Phase I

In this section we present the most comprehensive review of angiographic studies
documented to date. Forty cadavers were dissected and 2339 muscle angiograms from

126 different skeletal muscles were studied.

The body was studied in a regional fashion, starting with the head and neck followed by
the trunk, upper and lower extremities. The vascular anatomy in these angiograms was
also compared to findings of Mathes and Nahai as well as the work of many other

contributors to the field.
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2.2.1 Muscles of the Head and Neck

Temporalis:

The temporalis takes origin from the temporal lines of the parietal bones and
inserts on the coronoid process. The temporalis is supplied by three major pedicles, the
anterior and posterior deep temporal arteries from the internal maxillary artery, and the
superficial temporal artery.**>® Temporalis is currently a type III muscle; this review
confirmed this pattern in all 14 muscles. Figure 3A shows the typical vascular pattern of

this muscle.
Orbicularis Oculi:

The orbicularis oculi muscle is a three-part muscle, composed of palpebral,
lacrimal and orbital parts. The origin is the frontal and lacrimal bones and the insertion is
the palpebral raphae. This muscle is supplied by multiple dominant pedicles. Inferiorly it
is supplied the infraorbital and infratrochlear artery. Superiorly it receives the
supratrochlear and supraorbital arteries. Laterally it receives branches from the frontal
branch of the superficial temporal artery and medially it receives supply from the angular

37,38
d,”"

artery. Although this muscle was not previously classifie this muscle was found to

have the arterial pattern of a type III muscle in all 13 muscles (Figure 3B).

13



Masseter:

The masseter originates from the zygoma and maxilla, and inserts on the ramus
and angle of the mandible. It is supplied by the deep masseteric artery via the internal
maxillary artery, as well segmental blood supply by the facial artery via the inferior and

: : s e 35,39
superior masseteric arteries.” ™

The masseter muscle was not previously classified and
the pattern in 11 angiograms did not fit into any of the 5 patterns described by Mathes and
Nahai. It has both 2 dominant pedicles in addition to a segmental pattern. It is worth
noting that this muscle receives it blood supply from 2 different angiosomes; the facial
and internal maxillary artery angiosomes. The dominant blood supply is via the facial

artery. Figure 3C shows the territories of the four vessels; premasseteric, inferior,

superior, and deep arteries supplying this muscle.
Orbicularis Oris:

The orbicularis oris muscle originates from the perioral maxilla and mandible, and
inserts onto the labial skin, it is supplied by the facial artery and its superior and inferior
labial artery connections. >* All 14 muscles conformed to the current classification as

type III.
Tongue:

The tongue consists of intrinsic and extrinsic musculature. The skeletal muscles of
the tongue are the genioglossus, the hyoglossus, the styloglossus and the palatoglossus.

The tongue is held in place by the retractors the hyoglossus and the palatoglossus.

14



Blood supply to the tongue muscles is mainly by the lingual artery and its
branches the dorsal lingual artery, deep lingual artery, sublingual artery and suprahyoid
artery. In review of 12 angiograms of the tongue muscles all were found to exhibit a type

. . . . . 40. 41
I circulation. Each tongue muscles receives one major pedicle.”™

Mylohyoid:

This muscle originates from the mylohyoid line and inserts on the hyoid and the
median raphae, it receives its arterial supply from a number of sources. First the
sublingual branch of the lingual artery, second the maxillary artery via the mylohyoid

branch of the inferior alveolar artery, and third the submental branch of the facial artery.

The main blood supply to the floor of the mouth and the mylohyoid is from the submental
artery. Mylohyoid has 2 dominant pedicles, the superficial aspect is supplied by
submental artery and the deep surface is supplied by the sublingual and mylohyoid artery

of the inferior alveolar ar‘[ery.42
Digastric:

The posterior belly is supplied by the posterior auricular artery and occipital
artery. The anterior belly is supplied by the submental artery and gives off 3 branches to
the muscle. The first branch at the posterior border of the anterior belly is the dominant
pedicle. Anteriorly there are two minor branches that supply the muscle. In review of 3
angiograms the digastric muscle exhibited a type II circulation, this finding was supported

by the literature review. ™’
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The submental artery branches at the level of the submandibular gland and runs
towards the chin below the mandible. It supplies the surrounding musculature and
anastomoses with the mylohyoid branch of the inferior alveolar artery and the sublingual
branch of the lingual. At the chin it bifurcates into superior and deep branches, which

anastomose with the mental and inferior labial arteries.
Omohyoid:

The superior thyroid supplies this muscle proximally by a dominant pedicle.
Distally it receives minor branches from the inferior thyroid artery pedicles. B AllS

angiograms demonstrated a type II muscle.
Platysma:

The platysma receives its dominant pedicle from the submental artery proximally.
The superior thyroid artery provides multiple branches to the muscle in the middle part
blood supply to this muscle and the transverse cervical artery provides the distal part with

34, 49-51

a dominant pedicle. Four out of 5 muscles were type III; only one angiogram

exhibited a type II circulation.
Sternocleidomastoideus

The sternocleidomastoideus is supplied by 2 major pedicles; the occipital artery
and the superior thyroid artery. It is supplied by 2 minor pedicles; inferiorly by the
suprasternal artery a branch the suprascapular artery and superiorly by the posterior

44,52-71

auricular artery. Nine muscles were reviewed, and they were all type Il muscles.

16



10 cm

Figure 3: Head and Neck Muscles

A. Temporalis. The yellow zone outlines the territory of the superficial temporal artery,
and the red zone highlights the territory of the deep temporal arteries; B. Orbicularis
Oculi. The superior blue zone is the territory of the superficial temporal artery. The
green zone is the territory of the supraorbital artery. The supratrochlear artery territory is
represented by the red zone. The yellow zone represents the territory of the infraorbital
artery, and the caudal blue zone represents the territory of the muscle supplied by the
angular artery; C. Masseter. The yellow zone represents of the territory supplied by the
facial artery (transverse facial and facial arteries). The blue zone represents the deep

masseteric arteries from the internal maxillary angiosome.
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2.2.2 The Trunk
2.2.2.1 Muscles of the Chest

Pectoralis Major:

This muscle receives its dominant blood supply from the thoracoacromial artery
via the pectoral artery. The lateral thoracic artery supplies the muscle with a minor
pedicle, and it receives segmental blood supply from the first intercostal spaces via the
internal thoracic artery. In all 44 angiograms this muscle constantly had a type V

34,72-74

circulation. Figure 4A demonstrates the typical vascular pattern of this muscle.

Pectoralis Minor:

The pectoralis minor has 2 dominant pedicles, the pectoral branch of the
thoracoacromial artery, and a branch from the lateral thoracic artery. It also receives a
minor pedicle from the axillary artery.” Only 3 out of 30 angiograms had a type I
circulation, the rest of the angiograms demonstrated a muscle that had a type III muscle.

Figure 4B, C demonstrates the typical vascular pattern of this muscle.
Serratus Anterior:

The serratus anterior principally derives its arterial supply from the branches of
the axillary artery, the lateral thoracic artery course along the anterior border of the
muscle and gives off branches to the upper 4-5 slips of serratus anterior. The lower half of
the muscle is supplied by the serratus branch of the thoracodorsal artery, there are few
reports in the literature that describes variability related to the thoracodorsal artery branch

to serratus, however the reported variability was related to the origin of the angular

19



branch to serratus either from the thoracodorsal or subscapular system (higher origin).”®
This however was not observed in our angiographic review or dissections.”’ Ten out of 33
muscles had a type II circulation the remaining 23 muscles exhibited a type I11

circulation. Figure 5 demonstrates the typical vascular pattern of this muscle.

20



10 cm

Figure 4: Muscles of the Chest

A. Pectoralis Major. The yellow zone outlines the territory of blood supply by the
internal thoracic artery; the blue zone shows the major blood supply via the pectoral
branches of the thoracoacromial artery, in addition there is a highly variable and
inconstant branch from the highest thoracic artery to this muscle (orange zone).

B. Pectoralis Minor. The yellow zone indicates the contribution of the lateral thoracic
artery to this muscle. The blue zone is the major territorial supply to the muscle via
branches of the thoracoacromial artery. The green zone outlines the minor contribution
to this muscle by the intercostal perforators, and a minor independent branch from the
axillary artery (red zone). C. Pectoralis minor only receives blood supply from the
thoracoacromial artery, and a minor independent branch from the axillary artery (red

zone).
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Figure 5: Serratus Anterior

The green zone outlines the minor blood supply to the superior part of the muscle from
the descending branches of the transverse cervical artery (DTCA). The red zone outlines
the dominant blood supply to the upper slips of serratus from the lateral thoracic artery
(LTA). The blue zone outlines the contribution of posterior intercostals to the muscle,
and the yellow zone outlines the dominant blood supply to the lower slips of serratus by

the angular branch (AB) of the thoracodorsal artery (TDA).
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2.2.2.2 Muscles of the Abdomen

Rectus Abdominis:

Rectus abdominis is supplied by the internal thoracic artery superiorly and by the
deep epigastric artery inferiorly, as well as subcostal and intercostal segmental minor
pedicles. The muscle is currently classified as a type I1I muscle, the pattern of supply to
this muscle in 10 out of 40 angiograms could be grouped with type V; given the
segmental nature of the blood supply from the subcostal and intercostal arteries or with
type II as the collective contribution of blood supply by the segmental intercostal and
subcostal arteries was a major contributor to the blood supply to this muscle.* ** ® Thirty
five angiograms had the arterial pattern of a type III muscle, and 5 angiograms with type

II pattern. Figure 6 demonstrates the different arterial zones of this muscle.
External Oblique:

The external oblique muscle derives its arterial supply from the lower 6-7
posterior intercostal arteries (T6-12). In 35 angiograms, the blood supply to the external
oblique was derived from the lower 6 or 7 posterior intercostal arteries. The vessels
course between the transversus abdominis and internal oblique muscles and supplies the
external oblique muscle via perforating branches.”* The ascending branch of the deep
circumflex iliac artery (DCIA) and lateral branches of the deep inferior epigastric artery
(DIEA) give perforating branches to the muscle. This muscle has a segmental blood

supply type IV. Figure 7A demonstrates the different arterial zones of this muscle.
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Internal Oblique:

The blood supply to the internal oblique has a unique pattern. In all 30
angiograms, this muscle received its blood supply from 4 sources. The major blood
supply to this muscle is based on the arterial arcade of the deep iliac artery. The deep
circumflex artery (branch of the external iliac system) and the iliac branch of the
iliolumbar artery (branch of the posterior division of the internal iliac artery) provide this
muscle with its major arterial supply. The rest of the muscle is supplied medially by
lateral branches of the deep inferior epigastric artery, superiorly by the subcostal artery
and its posterolaterally by segmental branches from the four lumbar arteries.®"** The
muscle was previously classified as a type V muscle. Figure 7B demonstrates the

different arterial zones of the internal oblique muscle.
Transversus Abdominis:

The transverse abdominis blood supply is poorly defined; it receives its blood
supply from multiple perforating branches of the lateral intercostal arteries through the
plane between the transverse abdominis and internal oblique. Laterally the muscle is
supplied by the lateral collateral branches of the deep inferior epigastric artery, and
distally it receives branches from the deep circumflex iliac artery. ** None of the 29
angiograms was compatible with any of the patterns of Mathes and Nahai's Classification.

(Figure 7 C) demonstrates the different arterial zones of this muscle.
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10 cm

Figure 6: Rectus Abdominis

A. Right and left rectus abdominis. In red the major blood supply via the deep
inferior epigastric artery (DIEA). The yellow zone showing considerable contribution to
the muscles via the subcostal and 7-8 intercostal arteries, in light green is the area of
muscle supplied by the superficial external pudendal arteries. B. Right and left rectus
abdominis with the major blood supply from the DIEA, with the other 3 territories

supplying the muscle to a lesser extent.
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Figure 7: Transverse Abdominis, Internal and External Oblique

A. Transversus Abdominis, with the green zone indicating the blood supply from
perforators the transverse and ascending branches deep circumflex iliac artery. The
yellow zone highlights the contribution of perforators from the subcostal and lumbar
arteries. B. Internal oblique muscle, the red and yellow zone highlights the arterial
supply via the DCIA and iliolumbar arteries respectively. The medial most is the blue
zone with contribution to the aponeurosis of the muscle from the lateral branches of the
DIEA. The grey and green zone laterally and posteriorly highlight the territories of the
lumbar and subcostal arteries. C. External oblique, the three zones are the red, yellow
and blue with the blood supply derived from perforating branches of the DCIA,

posterior intercostal and lumbar arteries respectively.
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Iliacus:

This muscle receives its blood supply via a major pedicle from the iliolumbar artery, and
a minor pedicle from the deep circumflex iliac artery. ** All of thel8 angiograms

exhibited a type II muscle (Figure 8 A).
Psoas Major:

This muscle receives segmental branches from the first four trunks of the lumbar arteries,
as well as a dominant branch from the deep circumflex artery. ®* The external iliac
provide segmental branches to the muscle proximal to the inguinal ligament. In all 9

angiograms this muscle exhibited a type V vascular pattern (Figure 8B).
Psoas Minor:

Six angiograms were studied. The psoas minor is a Type IV muscle that receives blood

supply from the first four trunks of the lumbar arteries (Figure 8 C).*
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Figure 8: Iliopsoas Muscle:

The iliopsoas is a collective term for the Iliacus (A), psoas major (B) and psoas minor
muscles. Note the arterial perfusion zones to these muscles; the iliacus (A) perfused by
the deep circumflex iliac artery (blue zone), and the iliolumbar artery (red zone). Psoas
major (A) receives its blood supply from both the iliolumbar artery (red zone), and
lumbar arteries (yellow zone). The lumbar arteries (yellow zone) also supply the psoas

minor muscle (C).
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2.2.2.3 Muscles of the Back

Splenius Capitis:

In 2 angiographic studies the major pedicle to splenius capitis was from the
occipital artery, and with minor blood supply from the vertebral artery and deep cervical

artery. This is a type Il muscle.
Latissimus Dorsi:

The latissimus dorsi is a three-territory muscle. ** In 44 angiograms this muscle
always received its dominant blood supply by the thoracodorsal artery, the intercostal and
lumbar perforators accounting for the three previous territories as well as an additional
small but important contribution from the arcade formed by the dorsal scapular and
descending branch of the circumflex artery at the inferior angle of the scapula (Figure 9).
The thoracodorsal artery is the dominant arterial supply and enters the proximal part of
the muscle, supplying over half of the proximal part of the muscle. The lower and
posterior parts are supplied by 4-6 posterior intercostal arteries and lumbar perforators.
The thoracodorsal artery anastomoses with intercostal, lumbar perforators and the arcade
formed by the dorsal scapular and descending branch of the circumflex artery at the

inferior angle of the scapula within the muscle. This muscle is a type V.
Trapezius:

There are many conflicting reports in the literature regarding the arterial anatomy

of the trapezius muscle. Inconsistent nomenclature and the presence of anatomical
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variability in the origin of both the transverse cervical artery and the dorsal scapular

artery explain the difficulty in understanding the vascular anatomy of this muscle.

According to the Federative Committee on Anatomical Terminology (FCAT) the
dorsal scapular artery is an old term.®” The transverse cervical artery (TCA) in their
definition divides into a superficial and deep branches and the deep branch, according to

FCAT, is the dorsal scapular artery in some literature.

Despite this explanation, the confusion in the literature and textbook remains, the
FCAT describes a deep branch of the transverse cervical artery arising from the
subclavian artery in 67 % of the case; to describe the dorsal scapular artery as a deep
branch of the transverse cervical is not accurate since it implies a more superficial course
of the source artery, as the dorsal scapular artery travels deep to the rhomboids muscle
prior to sending its superficial branch to trapezius on the other hand, the transverse
cervical artery only travels deep to trapezius and is more superficial to the dorsal scapular

artery.

According to few but well conducted anatomical studies; the transverse cervical
artery arises most of the time of the thyrocervical trunk (77%).***" In 20 % of the cases
the transverse cervical artery arose as a branch of the dorsal scapular artery. This was
confirmed by our review, and is further illustrated in phase II of this thesis. (Chapter 4

page 140).

In 44 angiograms the trapezius muscle was a type II muscle with superior, lower
and middle zones. The muscles is supplied by the occipital artery (OA), deep cervical

artery, transverse cervical artery (TCA) deep and superficial branches, superficial branch
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of the dorsal scapular artery (DSA), vertebral radicular perforators and the posterior

intercostal arteries (PICA).

The smallest zone of perfusion is near the muscle’s occipital origin and is
supplied by branches of the occipital artery, and deep cervical artery. The part around the
root of the neck and the posterior shoulder is the largest zone of perfusion, and is supplied
mostly by the deep branch of the transverse cervical artery, and the superficial branch of
TCA supplies the muscle and the overlying skin medial to the posterior shoulder. The
suprascapular artery supplies a small are laterally near the acromion. We confirm that the

transverse cervical artery is the dominant arterial supply.”®

The dorsal scapular artery descends along the medial border of the scapula and
sends a superficial perforating branch that supplies the middle third of the muscle on its
deep surface. The vertebral radicular perforators supply the muscle medially around the
spine. The posterior intercostal arteries supply the muscle constantly in its lower and

lateral parts (Figure 10).
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Levator Scapula:

Twenty angiograms were reviewed revealing a type II muscle with the major
pedicle from the descending branch of the transverse cervical trunk or dorsal scapular

artery. The minor pedicle was via the costocervical trunk near the muscle’s origin.

Rhomboids:

The rhomboids receive its blood supply from the main vessels that course to
supply the trapezius muscle. In 20 angiograms, the pattern of arterial supply was

segmental type IV.
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Figure 9: Right and left Latissimus Dorsi Muscle

The latissimus dorsi muscle with its four territories as outlined in this figure. The green
zone outlines the territory supplied by the thoracodorsal artery. The yellow zone
outlines the intercostal contribution to the latissimus dorsi. The red zone highlights the
area supplied by the vertebral arteries, and finally the fourth zone in blue color outlining
the blood supply to this muscle from the arcade formed by the descending branch of the

circumflex scapular artery and the dorsal scapular artery.
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Figure 10: The Angiographic Territories of Trapezius (also see Trapezius in 3D)
Proximally and cephalically, the blue zone illustrates the contribution of the posterior
occipital artery, the small green zone superiorly in the midline is the zone supplied by
the deep cervical artery perforators. The transverse cervical artery supplies the muscle
mainly by its deep branch in the yellow zone, and its superficial branch in red superiorly
(TCA). The distal and caudal large in green is the area supplied by the dorsal scapular
artery (DSA). The posterior intercostals supply the lateral aspect of trapezius, in red, and
the gray area in the midline is the territory supplied by the vertebral radicular

perforators.
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2.2.3 Upper Extremity
2.2.3.1 Muscles of the Shoulder

Deltoid:

In 44 angiograms this muscle received its dominant blood supply via the posterior
circumflex humeral artery (Figure 11). ****°Additional supply is provided anteriorly by the
deltoid branch of the thoracoacromial artery, and the anterior circumflex humeral artery.
Superiorly it receives blood supply from the acromial branch of the thoracoacromial

artery, and inferiorly by the brachial and profunda brachii artery. This is a type Il muscle.
Supraspinatus:

The suprascapular artery is the dominant blood supply. The suprascapular artery
provides single long pedicle the supplies the muscle. The minor supply is segmental via

dorsal scapular artery. In 33 angiograms this muscle was type V.
Infraspinatus:

In 25 angiograms this muscle received segmental blood supply from the

suprascapular, dorsal scapular and circumflex scapular arteries. This muscle is type I'V.
Subscapularis:

The subscapularis muscle receives its blood supply inferiorly either directly from
the subscapular artery or from the thoracodorsal artery, this branch is consistent and the
only variation is whether the vessel originated higher from the subscapular or more distal

from the thoracodorsal artery. The laterally and superiorly the muscle receive a branch
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from the anterior circumflex humeral artery, and medially the muscle receives multiple

branches from the dorsal scapular artery. In 35 angiograms this muscle was type V.

Teres Major:

Teres major receives its blood supply via the circumflex scapular artery, the
suprascapular artery (SSA), and dorsal scapular artery (DSA). The CSA is the dominant
blood supply; the suprascapular artery and dorsal scapular artery provide the muscle with

?7-% In 30 angiograms this muscle was a type V.

segmental blood supply.

Teres Minor:

Teres minor had multiple small contributions from posterior circumflex humeral
artery (PCHA), the circumflex scapular artery (CSA), and the suprascapular artery (SSA).

In 38 angiograms this muscle was a type I'V.
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Figure 11: Vascular Territories of the Deltoid Muscle
The deltoideus has 6 vascular territories: The first territory is the superior part of the
anterior fibers (yellow zone); this area is supplied by the acromial and deltoid branches
of the thoracoacromial artery. The anterior circumflex humeral artery (ACHA) supplies
the largest surface area of the anterior fibers of this muscle (green zone); (A=anterior).
The brachial artery and profunda brachii artery supply the lower part of the deltoid
fibers (red divided zone). The bulk of the muscle is supplied by the posterior circumflex
humeral artery (PCHA) (blue zone). The orange zone is a small part of deltoideus near
its superior and posterior attachment (S= superior), which is supplied by the

anastomosing branches of the suprascapular artery.
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2.2.3.2 Muscles of the Arm

Biceps Brachii:

The major supply to this muscle is via two large branches from the brachial artery
in the middle mass of the muscle. It also receives small branches caudally from the ulnar
collateral artery and profunda brachii artery. *°'*® In 43 angiograms, this muscle could be
classified as a type III or II muscle (Figure 12). Please refer to the discussion section to
for the modified classification, which eliminates the differences in classifying muscles

with such blood supply.
Coracobrachialis:

In 12 angiograms coracobrachialis received a dominant pedicle from the axillary
artery proximally and minor branches from the thoracoacromial artery. Midway it
receives segmental blood supply along its medial aspect via the brachial artery.”® ' This

muscle is a type V (Figure 13).
Brachialis:

Brachialis is supplied from its medial surface by the brachial artery where it
receives 2-3 branches with the proximal vessel being the dominant pedicle. The ulnar
recurrent distally supplies a small part of the muscle as well as the radial collateral

artery.”’ In 37 angiograms, this muscle was always a type II muscle (Figure 14).
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Triceps Brachii:

In 28 angiograms the dominant supply to this muscle was via a proximal branch
from the profunda brachii, the minor pedicles are also mostly from the profunda brachii.
It also receives contribution from the posterior circumflex humeral artery proximally and

the superior ulnar collateral distally.” This is a type I muscle (Figure 15).
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Figure 12: Angiogram of Biceps Brachii

Note the 2 main vessels feeding the biceps brachii muscle. The sources is the brachial
artery, therefore the muscle blood supply is directly from a single angiosome (brachial

artery angiosome). However, both vessels are equally dominant. This muscle could be

classified either as a type II or III.
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10 cm

Figure 13: Angiogram of Coracobrachialis

Typical angiogram of coracobrachialis showing the source of blood supply to this
muscle, the territory around the muscle’s proximal attachment (yellow zone) is
commonly supplied by the its major pedicle; the coracobrachialis branch of the axillary
artery. The medial aspect receives its blood supply via a branch of the thoracoacromial
artery (red zone). The distal part of the muscle (blue zone) is supplied by segmental
branches of the brachial artery.
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Figure 14: Angiogram of Brachialis

Brachialis is supplied by multiple branches from the brachial artery, with the most
proximal branch being the dominant pedicle (yellow). The rest of the muscle is supplied

by smaller branches along the course of the brachial artery (blue).
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Figure 15: Angiogram of Triceps Brachii

The long head of the triceps brachii (L) receives its blood supply proximally via a
branch from the circumflex scapular artery (light green). The middle aspect of the long
head receives its blood supply via branches of the posterior circumflex humeral artery
(dark green). The distal aspect of the long head receives its blood supply via the radial
collateral (blue) and profunda brachii (yellow). The medial head receives its blood
supply via branches of profunda brachii (yellow). The lateral head receives its blood
supply via the ulnar collateral artery and profunda brachii (red).
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2.2.3.3 Muscles of the Forearm
Volar Antebrachial muscles

Pronator Teres:

Pronator teres has two heads; it is supplied by segmental fashion from the inferior
ulnar collateral proximally at its site of proximal attachment. The brachial artery provides
supply prior to splitting into ulnar and radial arteries. The common ulnar Interosseus
artery gives a branch to the muscle. Finally the muscle receives few small branches at the

1, 104

site of its distal attachment. The most common configuration of this muscle is

outlined in (Figure 16). In 16 angiograms, pronator teres was a type IV muscle.

Flexor Carpi Radialis:

Flexor carpi radialis receives its blood is supplied primarily by the radial artery. It
receives a branch at it proximal attachment from the anterior ulnar recurrent artery, and a
small contribution from the anterior interosseus artery. The radial artery provides the
major branch those courses through the muscle as well as another 2-3 segmental branches
that directly anastomose with the first major branch of the radial artery making, in 21

angiograms this muscle was a type V muscle (Figure 17A). '

Palmaris Longus:

Palmaris longus is supplied via the anterior recurrent ulnar artery, as well as minor

1, 104

branches from the ulnar artery distally. In 12 angiograms this muscle was a type II

muscle (Figure 17B).
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Flexor Carpi Ulnaris:

Flexor carpi ulnaris is supplied proximally and from its posterior attachment by a
branch of posterior ulnar recurrent artery, the anterior ulnar recurrent also gives off a
branch to this muscle at its anterior attachment. The ulnar artery is the major supplier to
this muscle via several branches to the muscle. The first and second branches of the ulnar
artery are usually small. The third is usually the largest of all these branches and is the

dominant vascular pedicle to this muscle. "+ **'%

This muscle has one major pedicle, three
minor pedicles and several segmental branches. This muscle is grouped with type II

muscle although it has some segmental blood supply along its course 18 of 24 muscles

reviewed had the same pattern. Only six muscles had different arterial patterns (Figure

18).

Flexor Digitorum Superficialis:

The flexor digitorum superficialis receives its blood supply via four major vessels
that. They all contribute to it in a segmental fashion. The anterior ulnar recurrent artery
proximally, median artery from the deep and central surface, the ulnar artery medially and

1,104, 105

the radial artery laterally. In 21 angiograms this muscle was a type IV muscle

(Figure 19).

Flexor Digitorum Profundus:

The posterior ulnar recurrent artery supplies this muscle proximally. The major
blood supply to it is from the anterior interosseus artery, which supplies this muscle from

its deep aspect, the anterior interosseus sends several branches, and usually the second
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branch is the largest and is considered a major supplier of the muscle. The ulnar artery
supplies the proximal part of the muscle from its lateral border with one to two branches
and the distal part with one or two smaller branches from its medial border. The pattern of

supply in 29 angiograms was type V (Figure 20). " 1%+ 10

Flexor Pollicis Longus:

The flexor pollicis longus is supplied by the anterior interosseus artery from its
medial border, and the radial artery from its lateral border. The segmental supply by the
anterior interosseus provides larger supply to this muscle. This muscle has segmental type

IV picture (Figure 20).

Pronator Quadratus:

The deep and superficial heads of pronator quadratus receive their major supply

1,104 - . .
7" it also receives some minor

by direct branches off the anterior interosseus artery,
segmental contribution from both radial and ulnar arteries. The vascular supply was

constant in 22 angiograms; the pattern of supply is type V (Figure 21).
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Figure 16: Pronator Teres

Pronator teres has two heads; it is supplied by segmental fashion from the inferior ulnar
collateral proximally at its site of proximal attachment. The brachial artery provides
supply prior to splitting into ulnar and radial arteries. The common ulnar interosseus
artery gives a branch to the muscle. Finally, the muscle receives few small branches at

the site of its distal attachment.
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A) Palmaris Longus B) Flexor Carpi Radialis

10 cm

10 cm

Figure 17: Palmaris Longus and Flexor Carpi Radialis

A. Palmaris longus is supplied via the anterior recurrent ulnar artery and some minor
branches from the ulnar artery distally. This is a type Il muscle. B. Flexor Carpi
Radialis, this muscle receive its blood is supply primarily by the radial artery. It
receives a branch at it proximal attachment from the anterior ulnar recurrent artery, and
a small contribution from the Anterior Interosseus artery. The radial artery provides a
major branch that courses through the muscle as well as 2-3 other segmental branches
that directly anastomose with the first major branch of the radial artery making this

muscle a Type V muscle.
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Figure 18: Flexor Carpi Ulnaris

Flexor carpi ulnaris is supplied proximally and from its posterior attachment by a branch
of posterior ulnar recurrent artery, the anterior ulnar recurrent also gives off a branch to
this muscle at its anterior attachment. The ulnar artery is the major arterial supply to this
muscle. The first and second branches of the ulnar artery are usually small. The third is
most often the largest of all these branches and is the dominant vascular pedicle to this
muscle. This muscle has one major pedicle, 2-3 minor pedicles, and several segmental
branches. This muscle is considered a type II albeit having segmental blood supply

along its course.
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Figure 19: Flexor Digitorum Superficialis

There are four vessels that supply this muscle; proximally the anterior ulnar recurrent
artery supplies the muscle, medially the ulnar artery is the major contributor to this
muscle. Laterally the radial artery supplies FDS by 2-3 branches with the most proximal
branch being the largest in caliber. The median artery supplies the muscle from the deep
and central surfaces. FDS has 3 minor pedicles and several segmental but major supplies

from the ulnar artery. This muscle is type IV.
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Figure 20: Flexor Digitorum Profundus and Flexor Pollicis Longus

A: Single Angiogram of FDP and FPL
B: Single Angiogram of FPL

The major blood supply to FDP is from the anterior interosseus artery, which supplies
this muscle from its lateral border, the anterior interosseus sends several branches, and
usually the second branch (or the third) is the largest and is considered a major supplier
of the muscle. Proximally this muscle is supplied by the posterior ulnar recurrent artery,
and the ulnar artery, which supplies the proximal part from its lateral border with 1-2
branches. The ulnar artery also supplies the distal part of the muscle medially with one

or two smaller branches. The pattern of supply is type V.
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Figure 21: Pronator Quadratus:

Pronator quadratus is a three-territory muscle with its blood supply from the anterior
interosseus artery (green) supplying the central and largest part of this muscle. The ulnar

(red) and radial artery (blue) respectively supply the ulnar and radial attachments of

pronator quadratus.
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The Dorsal Antebrachial Muscles

Brachioradialis:

Brachioradialis is supplied proximally by a major pedicle from the radial collateral artery.
A branch the radial recurrent artery supplies the middle part. The radial artery provides
104,106, 107 [ 30

the middle and distal part of the muscle with multiple branches.

Angiograms the pattern of blood supply to this muscle was type II (Figure 22).
Extensor Carpi Radialis Longus and Brevis:

The radial collateral artery supplies the proximal part of the ECRL. The radial recurrent
artery supplies the bulk of the muscle. The radial recurrent artery gives ECRL an average
of 2-3 Branches with the most distal branch being the largest." '°* The radial recurrent
artery also supplies the ECRB via intermuscular branches from ECRL. In 38 angiograms,
the pattern for ECRL is type II; ECRB is a type IV muscle due to its intermuscular

segmental supply (Figure 23).
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Figure 22: Brachioradialis:

The brachioradialis muscle receives its entire blood supply through the radial artery
angiosome. The proximal part (red zone) is supplied by the radial collateral artery, the
middle part is supplied by the radial recurrent artery (green zone) and the distal half is
supplied by segmental branches from the radial artery (blue zone).
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Figure 23: Extensor Carpi Radialis Longus and Brevis:
To the left ECRB and ECRL are shown compared to ECRL and ECRB on the right,
despite the difference in the arterial architecture of the supply on the two angiograms a
common feature is the constant intermuscular branches from ECRL to ECRB, this is
noted to be the dominant blood supply to the ECRB muscle. This muscle does not fit
any of the Mathes and Nahai’s classes.
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Extensor Digitorum Communis:

This muscle is supplied proximally by the Radial recurrent artery and Interosseus

1, 104

recurrent artery. The dominant supply is by the posterior interosseus artery. This

muscle has a type II pattern (Figure 24A).

Extensor Digiti Minimi:

This muscle receives its blood supply proximally by the interosseus recurrent
artery. The major supply to this muscle is by the posterior interosseus in a segmental

1, 104

fashion. The anterior interosseus artery supplies the distal end of the muscle via a

perforating branch. In review of 17 angiograms this muscle is Type IV (Figure 24B).
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Figure 24: Extensor Digitorum Communis and Extensor Digiti Minimi

A. Extensor digitorum communis (EDC) receives its dominant blood supply from the
posterior interosseus artery (blue); at its origin the muscle receives minor contribution
from both the radial recurrent artery (yellow) and the interosseus recurrent artery (red).
Distally the muscle receives an important contribution from the anterior interosseus
artery; this allows survival of this muscle on the anterior interosseus artery in case of
surgical or traumatic division of the posterior interosseus artery. B. Extensor digiti
minimi (EDM) receives it major blood supply from the posterior interosseus artery
(blue), proximally at its origin it receives minor contribution from the interosseus
recurrent artery (yellow), and distally and important contribution from the anterior

interosseus artery (green).
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Extensor Carpi Ulnaris:

The proximal part of this muscle is supplied by the Interosseus recurrent artery.'

The major supply to this muscle is by the posterior interosseus artery via segmental

branches. In 22 angiograms this muscle is type I'V. (Figure 25 A)
Anconeus:

This muscle is supplied from its deep surface by a major branch of the posterior
interosseus recurrent artery. Proximally and laterally it receives minor supply from the
posterior branch of the radial collateral artery. Proximally and medially it receives a
branch of the medial collateral artery. ** '®*'® Anconeus was previously classified as

type I, but in 12 angiograms it was a type II muscle (Figure 25B).
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Figure 25: Extensor Carpi Ulnaris and Anconeus

A. Extensor Carpi Ulnaris (ECU) receives it major blood supply by segmental branches
of the posterior interosseus artery, and proximally it receive a minor contribution from
the interosseus recurrent artery. B. Anconeus receives its major blood supply from the
recurrent interosseus artery and proximally receives a minor contribution from the
medial collateral artery (branch of profunda brachii), and the radial collateral artery.
The distal part of the muscle receives its blood supply from the posterior interosseus

artery.
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Supinator:

The supinator receives its arterial supply from the radial collateral artery on the
volar surface and from both the posterior interosseus artery and recurrent interosseus
artery on the dorsal surface. The major pedicle to this muscle is from the recurrent

104

interosseus artery. — In 5 angiograms this is a type V muscle.

Abductor Pollicis Longus:

Abductor pollicis longus receives segmental blood supply along its radial border
from the radial artery. Posteriorly it receives branches from the posterior interosseus
artery and the anterior interosseus via intermuscular branches from the extensor pollicis

1,104

brevis. In 25 angiograms this muscle was a type I'V.

Extensor Pollicis Brevis:

The extensor pollicis brevis receives its blood by segmental branches proximally
from the posterior interosseus artery, and distally from the anterior interosseus artery." '

In 25 angiogram this muscle was a type IV muscle.
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Figure 26: Extensor Pollicis Brevis, Abductor pollicis Longus and Supinator

A. Extensor Pollicis Brevis (blue) receives its blood supply by segmental branches off
the anterior interosseus artery. The abductor pollicis longus (green) receives similar
segmental blood supply from the radial artery and the posterior and anterior interosseus
artery. B. Supinator receives its blood supply from the recurrent interosseus artery

(yellow), the radial collateral artery (red), and the posterior interosseus artery distally
(blue).
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Extensor Pollicis Longus:

This muscle receives its blood supply via segmental branches, one from the radial
artery proximally, 2-3 from the posterior interosseus artery, and 2 branches from the
anterior interosseus artery. This was consistent in 25 angiograms, thus this muscle is a

type IV.

Extensor Indicis Proprius:

In 5 angiograms this muscle was type I'V. It has minor supply proximally from the
posterior interosseus, and the rest of the muscle is supplied by perforating branches from

the anterior interosseus artery.
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Figure 27: Extensor Indicis and Extensor Pollicis Longus

A. Extensor Indicis is a deep muscle that receives its major blood supply via perforating

branches from the anterior interosseus artery (red). The posterior interosseus artery

gives off minor branches to the muscle proximally (yellow). B. Extensor pollicis longus

receives segmental blood supply from the posterior and anterior interosseus artery, as

well as the radial artery at its origin.
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2.2.3.4 Muscles of the Hand

Hypothenar Muscles
Abductor Digiti Minimi:

This muscle receives its blood supply dominantly by a proximal branch from the
deep palmar arch, and a minor branch from the 5™ palmar metacarpal artery and dorsal
metacarpal. In 8 angiograms, one angiogram conformed to the current type II

classification, and 7 angiograms exhibited a type III circulation. '

Flexor Digiti Minimi brevis:

Flexor digiti minimi brevis receives its blood supply proximally by a dominant
branch from the deep palmar arch and minor branches from the 4™ palmar metacarpal

109

artery . In 8 angiograms 5 were a type II.

Opponens Digiti Minimi:

This muscle receives its blood supply from both superficial and deep palmar
arches. This muscle inserts into the 5™ metacarpal bone, and it receives segmental blood
supply from the dorsal metacarpal artery. The dominant blood supply is from the
superficial palmar arch and has a minor supply from the deep palmar arch. Only one

angiogram had a type I architecture, and the other 7 angiograms were a type V.
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Figure 28: Hypothenar Muscles

The arterial anatomy of the hand in relationship to the hypothenar muscles. A. Abductor
digiti minimi on the most ulnar aspect of the hand, and radial to it is the flexor digiti
minimi brevis; a branch of the deep palmar arch is illustrated in pink entering the two
muscles. B. The opponens digiti minimi in view with its arterial supply, the muscle
receives its main pedicle from the superficial radial artery on the radial aspect, and on
the ulnar surface it receives minor segmental branches from the fourth dorsal metacarpal

artery.
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Thenar Muscles:

Abductor Pollicis Brevis:

This muscle receives its blood supply from the radial artery. It has 2 major pedicle
the first proximal from the princeps pollicis artery, and the second is from dorsal
metacarpal artery. This muscle previously classified as type I, however upon review of 8

angiograms it was found to be a type III in 7 angiograms.

Flexor Pollicis Brevis:

This muscle receives its blood supply from the first branch of the radial artery via
the superficial palmar artery. In 8 angiograms this was the only significant pedicle to this
muscle, yet there is a negligible contribution distally from princeps pollicis artery

therefore it was grouped with type I muscle.

Opponens Pollicis:

This muscle is supplied by the radial artery via branches from the superficial
palmar artery, princeps pollicis artery, first dorsal metacarpal artery, and the deep palmar
arch. The superficial palmar artery here is the dominant blood source and the rest are

110-116

minor contributors making this muscle a type II. In 8 angiograms this muscle was a

type II.
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Figure 29: Thenar Muscles

A. Flexor pollicis brevis FPB; in blue the dominant pedicle from the superficial palmar
arch, and in red it receives negligible contribution from princeps pollicis artery;
Abductor pollicis brevis receives two dominant pedicles proximally from the superficial
radial artery (blue) and distally from the princeps pollicis artery. B. Opponens pollicis
muscle OPM receives its blood supply from the superficial palmar artery (green), and

princeps pollicis (blue), and the deep palmar arch (red).
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Deep Muscles of the Hand:
Adductor Pollicis:

This muscle has two heads, oblique and transverse both receive their blood supply
from the radial artery. The oblique head receives a branch from princeps pollicis artery,
and the deep palmar artery. The transverse head receives blood supply from second
palmar metacarpal artery. The dominant supply is from the deep palmar arch and the

princeps pollicis artery. In 8 angiograms this muscle was type III.
Lumbricals:

Lumbricals receive their dominant blood supply via the superficial palmar arch
' The minor blood supply to the 1*' lumbrical is from the radialis indicis and the 4™
lumbricals is from its respective dorsal metacarpal artery. The minor blood supply to the
2" and 3" lumbricals comes from the palmar metacarpal artery. In 29 out of 32

angiograms this muscle was a type II.
Dorsal Interossei:

In review of 32 dorsal interossei (DIOM 1-4) angiograms, the first dorsal
interosseus receives its blood supply mainly from princeps pollicis artery,"’” with minor
contribution from radialis indicis artery and the first dorsal metacarpal artery, ''> making

this muscle a type II.

The second dorsal Interosseus muscle receives its blood supply mainly from the
second deep palmar artery (deep palmar arch), the second dorsal metacarpal artery. This

muscle is a type 1.
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The third dorsal interosseus muscle receives its blood supply from third dorsal
metacarpal artery and third palmar metacarpal artery, this muscles major supply was

from the third dorsal metacarpal artery making it a type Il muscle.

The fourth dorsal Interosseus muscle receives its blood supply mainly from the
fourth palmar metacarpal artery with minor supply from the third dorsal metacarpal

artery. ''*''® This muscle is a type IL.
Palmar Interossei:

In review of 24 palmar interossei muscles (PIOM 1-3), the first palmar interosseus
was supplied by princeps pollicis with minor contribution from the second dorsal

metacarpal artery. This is a type II muscle.

The second palmar interosseus was supplied mainly by the third palmar
metacarpal artery with minor contribution from the deep palmar arch. This muscle is a

type II.

The third palmar Interosseus was supplied mainly by branches of the fourth
palmar metacarpal artery and with minor contribution from the fourth dorsal metacarpal

artery. This muscle is type IL. '
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DIOMI  piomi DioM2 Diom3 Plom2  DioM4 — PIOM3

DNMA PMA PMA RIA
4 3 2 1

Figure 30: Deep Intrinsic Muscles of the Hand

Secm

A. Dorsal interossei muscles DIOM1-4; palmar interossei muscles PIOM 1-3, princeps
pollicis PPA; Radialis indicis artery RA; deep palmar arch DPA; palmar metacarpal
arteries PMA 1-4, dorsal metacarpal arteries DMA 1-4. B. Adductor pollicis muscle
APM. C. Lumbricals L1-4; corresponding arterial supply is labeled DMCA, RIA, PMA

as previously described.
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2.2.4 Lower Extremity
2.2.4.1 Muscles of the Hip

Gluteus Maximus:

This muscle receives two major pedicles, the superior gluteal artery and the
inferior gluteal artery. Distally it receives anastomotic branches from the deep branch of

the medial circumflex femoral artery. ''*'* In 28 angiograms this muscle is a type IIL.
Gluteus Medius:

This muscle receives a major pedicle from the deep branch of the superior gluteal
artery. It also receives minor blood supply from the anastomotic branches of the medial

104

and lateral femoral circumflex artery. — In 27 angiograms this muscle is a type II.

Gluteus Minimus:

The gluteus medius receives blood supply from its superficial surface by a
dominant direct branch from the superior gluteal artery. From its deep surface it receives
several segmental branches from the superior gluteal artery and the medial and lateral

circumflex femoral arteries.'® In 31 angiograms this muscle is a type V.
Tensor Fascia Lata:

Tensor fascia lata receives its major pedicle from the ascending lateral femoral
circumflex artery. The muscle also receives contribution from the superior gluteal artery.

19 In 18 angiograms this muscle is type II.
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Figure 31: Gluteus Maximus, Medius and Minimus Muscles

A. Gluteus maximus with its two dominant pedicles from both superior gluteal artery
(green) and inferior gluteal artery (yellow). The distal part is supplied by the
anastomotic deep branch of the medial circumflex femoral artery. B. Gluteus medius is
the upper part of angiogram B. The red area is the contribution of the superficial branch
of the inferior gluteal artery, and the blue area is the major pedicle supplied by the deep
branch of the inferior gluteal artery. The lower part of angiogram B is the gluteus
medius muscle and its blood supply from the superficial branch of the inferior gluteal
artery in green, with minor contribution superiorly from the deep branch of the inferior
gluteal artery IGA in yellow. The anastomotic branch of the medial circumflex femoral

artery provides minor blood supply to the muscle distally.
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2.2.4.2 Muscles of the Thigh

Quadriceps Femoris

Rectus Femoris:

This muscle receives a minor pedicle from the ascending branch of the lateral
circumflex femoral proximally, and a dominant vascular pedicle from the descending

34,124

branch of LCFA few centimeters distal to the minor pedicle. Twenty six out of 30

angiograms showed a type II circulation.

Vastus Lateralis:

Proximally the muscle receives a minor branch from the transverse lateral
circumflex femoral artery. Medially it receives intermuscular branches from rectus
femoris muscle. The lateral border receives the major arterial supply to the muscle via
three perforating branches of the profunda femoris artery. In 30 angiograms this muscle is

a type 11

Vastus Medialis:

Proximally vastus medialis receives its dominant blood supply by a branch from
the superficial femoral artery. Distally it receives minor branches from the descending

genicular artery. In 18 out of 25 angiogram vastus medialis is a type II.
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Vastus Intermedius:

Vastus intermedius receives minor segmental blood supply from the superficial
femoral artery medially. Laterally it receives a dominant branch from the descending
lateral circumflex femoral artery'®* '%. In 25 angiograms the blood supply to this muscle

is type II.
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Figure 32: Quadriceps Femoris Muscles

Vastus medialis (VM) to the far left with the major arterial supply from the superficial
femoral artery in red, and small contribution distally from the descending genicular
artery in blue. Rectus femoris (RF) is second from left and it receives a minor pedicle
proximally from the ascending branch of the lateral circumflex femoral (LCFA), the
major pedicle is the second vessel proximally; distally this muscle receives minor
contribution from the descending genicular artery. Vastus intermedius (VI) third from
the left, this muscle receives minor segmental blood supply from the superficial femoral
artery (blue), the descending branch of the lateral circumflex femoral artery provides a
dominant branch that supplies the muscle (red). Distally the muscle receives blood
supply from both the superior lateral genicular artery and the medial genicular artery
(blue and grey). Vastus lateralis (VL) is supplied by the descending branch of the
LCFA (red) and laterally receives bloods supply from profunda femoris (blue).
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Muscles of Medial thigh
Sartorius:

Sartorius receives 6-7 equally distributed branches of the superficial femoral

artery. In 52 angiograms this muscle is a type IV.
Gracilis:

The blood supply to the gracilis muscle is by 1 or 2 major pedicles supplied by the
medial circumflex femoral artery, and occasionally this vessel arises from the adductor
artery. The minor blood supply is via the superficial femoral artery. '*'*° In 45

angiograms this muscle is a type II.
Semitendinosus:

Superiorly semitendinosus is supplied by a minor branch from the inferior gluteal
artery. The dominant pedicle is from the descending branch of the medial circumflex
femoral artery in the proximal third. The first perforating artery of the profunda femoral
artery supplies the middle third. Inferiorly near its insertion, semitendinosus is supplied

104

by the medial inferior genicular artery. " In 30 angiograms this muscle is a type II.
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10 cm

Figure 33: Muscles of Medial Thigh

A. Semitendinosus receives its blood supply superiorly from the inferior gluteal artery.
The dominant pedicle to the muscle is from the ascending branch of the medial
circumflex femoral (red). The first perforating branch of profunda femoral provides
blood supply to mid substance; the medial genicular artery supplies the distal part. B.
Gracilis muscle is supplied by the inferior gluteal artery superiorly, and the dominant
blood supply is from the descending or adductor branch of the medial circumflex
femoral. Distally the medial genicular artery supplies the muscle. C. Sartorius receives

its blood supply in a segmental fashion from the superficial femoral artery.
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Muscles of Posterior thigh:
Biceps Femoris:

The dominant pedicle to biceps femoris long head is the first perforator profunda
femoris, and the minor blood supply is via the second and third profunda perforator,
superiorly at its origin it receives minor blood supply from the inferior gluteal artery. The
dominant blood supply to the short head is from the second and third profunda
perforators, and inferiorly it receives minor blood supply from the superior lateral

130-132

genicular. In 29 angiograms the long head was a type Il and the short head was a

type IV.
Semimembranosus:

The dominant arterial blood supply is from first and or the second profunda
perforator, the third profunda perforators provides minor contribution. The muscle
superiorly receives minor branch from the inferior gluteal artery and distally it receives
minor branch from the superficial femoral artery. ** In 30 angiograms this muscle was a

type II.
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10 cm

Figure 34: Angiogram of Muscles of the Posterior Thigh

A. Biceps femoris. The long head of biceps femoris, superiorly near its origin receives a
branch from the inferior gluteal artery. The dominant blood supply is via the first
perforating branch of profunda femoral artery. The short head receives branches from the
all three perforators of profunda femoral artery and the distal end receives a branch from
the superior lateral genicular artery. B. Semimembranosus receives a minor contribution
from the inferior gluteal anterior near its origin, and is supplied segmentally via the
perforators of profunda femoral artery. Distally the muscle receives minor contribution

from the superficial femoral artery.
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2.2.4.3 Muscles of the Leg

Anterior Compartment

Tibialis Anterior:

Proximally it receives a small contribution from the anterior tibial recurrent artery.
The anterior tibial artery is the major supply to this muscle and provides its segmental
branches that enter the muscle on the lateral border. In 40 angiograms this is a type IV

muscle.

Extensor Digitorum Longus:

The proximal part of the muscle receives a branch from the circumflex recurrent
artery (from the anterior tibial artery); the rest of the muscle is supplied from its deep and
medial surface by segmental branches of the anterior tibial artery. In 39 angiograms this

muscle is type I'V.

Extensor Hallucis Longus:

This muscle is supplied from its superficial surface by branches from the anterior

tibial artery. In 38 angiograms the prevailing pattern was type IV.

Peroneus Tertius:

Peroneus tertius receives segmental blood supply from the anterior tibial artery
proximally as well as segmental branches from the fibular artery. In 10 angiograms this

muscle was a type ['V.
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Figure 35: Angiogram of Muscles of Anterior Compartment of the Leg

All angiograms above are supplied by the anterior tibial artery angiosome, and the

supply is segmental in nature.
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Superficial Posterior Compartment:

Gastrocnemius:

The two heads of Gastrocnemius receive their blood supply independently. The
medial sural artery supplies the medial head. The lateral head receives blood supply from
the lateral sural artery. The lateral head distally receives minor blood supply from the
peroneal artery and the medial head receives minor blood supply from the posterior tibial
artery. This muscle is a type II. Previously classified as a type I; in 22 out of 30

angiograms this muscle was a type II.

Soleus:

This muscle receives a dominant pedicle from the popliteal artery, and multiple
dominant pedicles proximally from the posterior tibial artery and peroneal artery. Distally
the muscle receives multiple minor pedicles from both the posterior tibial and peroneal
arteries. This is a type III muscle. In 70 % of the time there is a second dominant pedicle
from the peroneal artery making the muscle a type III due to its different arterial source,
when all dominant pedicles stem from the posterior tibial artery this muscle is classified

as type II this happens only 30% of the time.

Plantaris:

This muscle receives its blood supply from the superficial surface by the lateral
sural artery. Proximally it receives minor branches from the popliteal artery. In 66% of

angiograms this was a type II muscle.
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Lateral

10 cm

Figure 36: Gastrocnemius and Soleus

A. Gastrocnemius medial and lateral muscles. The medial head is on the left side; the
medial head is larger and receives dominant blood supply from the sural arteries (red),
and distally from the peroneal artery branches (blue). The lateral sural arteries supply
the lateral head, and the posterior tibial arteries supply the lateral head distally with
minor branches (green). B. The soleus muscles receives a dominant pedicle from the
popliteal artery (green) and another dominant pedicels from the peroneal artery (red)
and the posterior tibial artery (yellow). Distally the lateral part of the muscle receives
minor segmental blood supply from the branches of the peroneal artery (blue), and

medially it receives segmental blood supply from the posterior tibial artery (orange).
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Deep Posterior compartment:

Popliteus:

Dominant branches from the medial and lateral inferior genicular arteries supply
this muscle, and minor branches from the popliteal artery. In 5 angiograms this muscle

was a type III.

Tibialis Posterior:

In 15 angiograms this muscle is always a type IV; it receives its segmental
branches from the peroneal artery for most part and distally receives segmental branches

from the posterior tibial artery.

Flexor Hallucis Longus:

The peroneal artery provides FHL with its dominant blood supply in an equal and
segmental fashion. The posterior tibial artery supplies the distal end of the mussel

medially with minor segmental vessels. In 30 angiograms this muscle is a type IV.

Flexor Digitorum Longus:

The posterior tibial artery is the dominant blood supply to this muscle. This
muscle receives multiple and equal segmental blood supply. In 32 angiograms this was a

type IV muscle.
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10 cm

Figure 37: Muscles of the Deep Compartment of the Posterior Leg

A. Popliteus muscle receives two dominant pedicles; the lateral and medial genicular
arteries supply this muscle. B. Flexor hallucis longus receives its blood supply in
segmental fashion from both the peroneal artery and the posterior tibial artery. C.
Tibialis posterior is supplied proximally by the peroneal artery (red) and by the
posterior tibial artery distally (blue). D. Flexor digitorum longus receives its blood

supply in a segmental fashion from posterior tibial artery.
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Lateral Compartment Muscles:

Peroneus Longus:

The dominant blood supply is the peroneal artery it gives 2-3 branches one of
which is usually the largest in caliber. It also receives 2-3 minor branches from the
anterior tibial artery. In total of 21 angiograms 18 (80%) had a type II, while 3 (20%) had

a type IV vascular architecture.

Peroneus Brevis:

Peroneus brevis receive its major blood supply by 2 dominant pedicles supplied by the
peroneal artery, and minor blood supply by 2-3 branches of the anterior tibial artery. In 17

angiograms, 13 (76%) were type 11, and 4 (24%) had a type IV architecture.
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2.2.4.4 Muscles of the Foot

Dorsum of the Foot

Extensor Digitorum Brevis:

The lateral tarsal artery of the dorsalis pedis supplies this muscle. In some cases it
receives dual blood supply from a minor pedicle arising from a second lateral tarsal

arteries branching of the dorsalis pedis. **"'*

It is currently a type I muscle and we
reviewed 6 muscles with 5 muscles exhibiting type I pattern and only one muscle with a

dual blood supply.

Plantar Surface of the Foot

First Layer

Flexor Digitorum Brevis:

The flexor Digitorum brevis typically described as a type II receives its blood
supply from both the medial plantar artery (MPA) and the Lateral plantar artery. %%
The review of 11 muscles did not show any other patterns than previously described. The

dominant pedicle is supplied by the LPA and the minor pedicle by the MPA at the

muscle’s origin.
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Abductor Digit Minimi:

This muscle receives its blood supply from the lateral plantar artery (LPA). '**'4!

It is currently classified as a type II as it receives one dominant branch proximally and 2
minor muscular branches distally all of which originating from the LPA. This review
showed that 5 out of 9 muscles received one dominant source of blood supply and
multiple segmental branches from the LPA, while the other four muscles had a type IV
configuration in which they all received equal segmental contributions from the LPA and

the dorsal fifth metatarsal artery.
Abductor Hallucis:

Abductor hallucis receives its blood supply chiefly from the medial plantar artery
(MPA). "**'*¥ The pattern of this supply is currently classified as one dominant and 2 to 3
minor branches from the MPA. In review of 9 muscles they all displayed segmental blood
supply from the MPA at all levels with equal distribution. Hence this muscle classified as

a type I'V.
Second Layer:
Quadratus Plantze (Flexor Accessorius):

This muscle has two heads arising from both sides of the calcaneus, both heads
unit to insert on the common tendon of flexor digitorum Longus. Nine muscles were
reviewed; the blood supply to this muscle is from the lateral plantar artery.'*" '*° The

LPA courses parallel and lateral to the muscle’s belly and provides the muscle with blood
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supply in a segmental fashion. This muscle also receives insignificant minor branches

from the Medial plantar artery. The dominant classification is type I'V.
The Lumbricals:

There are four lumbricals in the foot; they all arise from the tendons of flexor
digitorum longus.'* In 5 angiograms it was noted that the blood supply to these muscles
was mostly via intermuscular supply from the quadratus plantae muscle. The pattern of
blood supply to the lumbricals was grouped with type IV because of the observed

intermuscular segmental pattern.

Third Layer

Flexor Hallucis Brevis:

This muscle has a lateral and a medial head. The blood supply to both heads is

37 The medial head receives one major branch from the

from the medial plantar artery.
superficial MPA, as well as a distal minor branch from the first dorsal metatarsal artery.

The lateral head receives a branch from deep MPA, and a minor branch from first plantar

metatarsal artery. This muscle is a type II.

Flexor Digitorum Minimi Brevis:

109, 139, 149
» 27 1t also

This muscle is mainly supplied by the lateral plantar artery.
receives 3-4 minor branches from the plantar and dorsal metatarsal arteries. The overall

pattern of its arterial supply is type II.
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Adductor Hallucis:

This muscle has two heads, a slender transverse head with no bony origin and an
oblique head originating from the long plantar ligament. The blood supply to this muscle
is from the dominant branch of the deep plantar arch to the oblique head and segmentally
from the plantar metatarsal arteries to the transverse head, and therefore is a type V

muscle.
Fourth Layer
Dorsal Interosseus Muscles:

The dorsal Interosseus muscles have a bipennate structure and are four in

149, 151
number.'** 1

The blood supply is from dorsalis pedis via the arcuate artery proximally
and the dorsal metatarsal artery distally. The pattern of blood supply to this muscle is

type II.
Plantar Interosseus Muscles:

The plantar Interosseus muscles have a unipennate structure and are 3 in number
they receive their blood supply from the lateral plantar artery, and are considered a type
II. %15 Proximally the interosseus muscle receives a direct branch from the deep plantar
arch, and distally close to its insertion it receives minor branches from the plantar

metatarsal artery.
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Figure 38: Intrinsic Muscles of the Foot

Angiograms of intrinsic muscles of the feet are organized by their anatomical layers.
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2.2.5 Discussion

Skeletal muscles have a wide range of utility in reconstructive surgery, since they
provide definitive tissue coverage, and robust vascular supply. The Blood supply to
skeletal muscles is mainly via Axial, Intramuscular and intermuscular vessels. Mathes and
Nabhai’s classification describes patterns related to extramuscular and intramuscular component

of the vascular supply**. ¢

The angiosome concept is an important concept in understanding the composite anatomic
vascular territories of skin and underlying muscles. The pattern of blood supply to each muscle is

also a crucial concept when considering a muscle for local or distant transfer.

In type I, muscles have a single vascular pedicle and are grouped together. This is
helpful when grouping muscles together, but the true nature of vascular supply is usually
redundant, and many muscles exhibit peripheral contribution from adjacent muscles and bones.
Type 1 is the least common type among muscles, with the head and neck area having the highest

percentage of this type (Table 12).

Type Il muscles were the most prevalent type in the body. The vast majority of muscles
could be classified as type II. The best way in our opinion is to classify these muscles according
to their angiosome source, as it will limit classification of this type as type I or III when there is
vascular disease or technical issues with the angiogram. The description of segmental blood
supply in the Mathes and Nahai’s classification is based on pattern of supply but not dominance
of supply. The size of different segments are more important and usually the size correlates better
with the angiosome source, for example; if the angiosome source is the dominant supplier to a
muscle the vascular segments from that angiosome are usually the largest of all segments

supplying any given muscle.
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Type Il muscles were most prevalent in the head and neck, torso and upper extremity.
Type Il muscles are an excellent example of a muscle that receives to major pedicles from

different arterials sources.

In Mathes and Nahai’s classification major pedicles from opposite sides are necessary to
classify a muscle as type III. A better description would be based on the dominance of the
angiosome supplying the muscle; therefore a type Il muscle is a muscle with 2 major pedicles
from 2 dominant angiosomes. Type IV muscle are most common in the lower extremity, and type

V are mostly found in the torso.

In this review we introduce a modification to the Mathes and Nahai’s muscle

115,154 155 this modification will

classification to incorporate the angiosome principle to its context
include muscles that might not fall into any of the five types, and distinguish muscles with
segmental blood supply stemming from adjacent muscles or bones from muscles with segmental
blood supply from a well defined vascular pedicle. Knowledge of the angiosome pattern of

vascular supply to muscle will allow a better understanding of vascular supply to skeletal muscles

and facilitate their harvest.
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Table 12: Range of Vascular Variation per Body Region

Number of Number of Variation

Angiograms  Muscles Range
Head and Neck 118 17 0-25%
Torso 404 18 10-34%
Upper Extremity 890 48 12-37%
Lower Extremity 927 40 17-45%

Table 13: Vascular Patterns per Body Region

Typel Typell Typelll TypelV TypeV

Head & 10% 54% 26% 0% 9%
Neck
Torso 0% 25% 22% 21% 32%
Upper 9 5 . 0

149
Extremity 2% 44% 10% 30% %
Lower o o o o

50
Extremity 5% 51% 2% 37% %
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Figure 39: The Modified Mathes and Nahai’s classification

The Modified Mathes and Nahai’s classification is based on the Angiosome concept. > > All
pedicles were described in addition to their angiosome source.

Type I: Single Angiosome provides the muscle with a single dominant pedicle.

Type II: Single Angiosome supplying the muscle with dominant pedicle(s).

Minor pedicle(s) if present are either from the same or additional Angiosomes.

Type III: Two or more Angiosomes supplying the muscle with dominant pedicles. Minor
pedicles if present could belong to the same or additional Angiosomes.

Type IV: Segmental blood supply with the distinction made between muscles that receives their
supply from adjacent vessels (Type IV-A) and muscles that are entirely dependent on their bony
or muscular attachment to receive segmental blood supply (Type IV-B)

Type V: Two or more Angiosomes supplying the muscle with dominant pedicle(s) and
segmental blood supply. Minor pedicles if present are either from the same or additional

Angiosomes.
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Figure 40: Vascular Pattern Distribution

The most prevalent type of arterial supply is II, except in the torso where type V is more

prevalent. Type IV is second in prevalence after type II in the all extremities.
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2.2.6 Conclusion of Phase I

Mathes and Naha’s classification focuses on the pattern of blood supply to each muscle
and the angiosome concept focuses on the origin of the branches that supply various tissues,
Taylor et al describes this concept best as tracing the arterial supply from the major vessel to its
minor branches similar to that of tracing the trunk of a tree to its leaves, hence the term “trunk to
leaves”. '** Therefore, it is important to underline the distinction between muscles that have one

or more angiosomes and muscles that have one or multiple branches supplying them.

We suggest a modified classification that combines both concepts to limit the differences
in describing arterial supply to muscles, and to facilitate a better understanding of muscles that

have higher probability to survive surgical manipulation and distant transfeOr.
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Chapter 3.0 Three Dimensional Analysis of the Vascular Anatomy
(Phase II)
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3.1 Introduction

Three-dimensional modeling in the form of stereolithography models (STL)
provides accurate and useful information about various structures of the body. Current
three dimensional imagery techniques are promising for a brighter future for the fields of
anatomy and surgery. The ability to reconstruct and visualize bone, muscle and intricate
vascular structures in a layer-by-layer fashion provides a great planning tool for

reconstructive surgeons and an accurate educational instrument for surgical residents.

3.1.1 History of Three Dimensional Imaging

In reconstructive surgery knowledge of the three dimensional anatomy is crucial
for optimizing surgical outcomes. The advent of three-dimensional imaging techniques

adds a valuable tool for better surgical planning.

Volume rendering is achieved by collecting a series of cross sections from a computed
tomography (CT) or magnetic resonance (MR) scanners and creating three dimensional
volume using software that employs complex algorithmic calculations in the process of

developing these images, this concept was first introduced in 1988 by Drebin et al. '*°

The utility of the volume rendering technique became apparent with the
introduction of commercially available software. There are several methods of
performing volume rendering on CT stacked images. The most accurate method is
considered to be the volume ray casting it is an image based volume rendering technique,
in which the emanates is computed directly from the output image, and not the input

volume date as in the case of object based technologies. This fundamental fact allows for
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accurate measurements to be obtained from the generated images with precision and

accuracy that is reproducible and reliable."”’

The use of volume rendering technique was popularized in many areas of
biomedical sciences. Surgical specialties such as neurosurgery, vascular surgery and
general surgery were fast to explore and apply this new technology to their clinical and
research practice. The field of plastic and reconstructive surgery remains in the early

stages in applying this technology in preoperative planning and research areas.

This review outlines the importance of three-dimensional imaging in surgical
planning, and also reviews injection techniques with potential utility in three-dimensional

imaging.

3.1.2 Importance of Three Dimensional Imaging in Surgical Planning

Knowledge of the three dimensional nature of vascular anatomy is crucial, and in
many instances failure or success of surgical flaps depends on the surgeon’s knowledge
of the vascular anatomy as well as how thin his flap should be. Traditional two-
dimensional angiograms do not have the same advantage as three-dimensional techniques
where the flap is designed with knowledge of the anastomoses between arterial systems in

a layer-by-layer fashion. '**'%

To exemplify the usefulness of this technology we reviewed the work of several
authors who employed this technology to answer questions relevant to their daily
practice. For instance, the use of 3 dimensional imaging in planning ALT flaps was
recently described by Schaverien et al. to explain the difference in outcome of thinned

ALT flaps between Caucasian and Asian populations. *°
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Tregaskiss et al studied the anatomy of the anterior abdominal wall and described
the unique vascular anatomy of the deep inferior epigastric artery (DIEA) to explain the
ischemia-related morbidity observed with DIEA-based perforator flaps. They also
concluded that preservation of superficial epigastric perforators adjacent to the costal
margin during abdominoplasty will likely improve abdominal wall perfusion and reduce
donor-site morbidity. ' Garbher et al. outlined the need for future studies to look at the

optimal injection mixture for 3D computed tomography. >

Three dimensional STL models allows visualization of anatomical structures, and
depending on the quality of computed tomography data and the relative thickness of each
computed tomography slice the structures visualized in the STL model will have accurate

morphometric details of many different anatomical structures.'®*"'%

The ability to render
each structure or part of it transparent, and hide and show these structures on demand
allows unprecedented access to these anatomical structures; this feature is of great value
in preoperative planning. However, there are many difficulties and technical challenges
that we will need to overcome to achieve the best anatomical models that can provide
accurate and detailed morphometric data. In our angiographic studies, the most
challenging single factor was to find a suitable contrast media that generates the least

amount of artifacts, and captures the detailed vasculature in all structures; especially

bone.
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3.2 Review of Current Popular Contrast Mixtures
3.2.1 Lead Oxide Gelatin Mixtures

The lead oxide gelatin mixture is currently the gold standard for angiographic
studies. It has been extensively described and is well known to produce optimal 2

- - - . 20,22, 166
dimensional angiograms of organs, muscles and skin. = “~

- . - - 20,22, 166 20,22, 166 20
This technique was used by several authors including our laboratory. “ “* o ’

" The success or failure of this technique depends on lead oxide’s concentration,

viscosity of mixture and CT scanner settings.

3.2.2 Todine Based Mixtures

In clinical settings, iodine is the solution of choice. Many studies have utilized
iodine in generating 2 dimensional images in living subjects. '®""'”° No studies have

described mixing iodine with gelatin to view the vasculature in cadavers.

3.2.3 Barium Based Mixtures

Barium sulfate is the solution of choice for most studies in North America due to
its safety and cost effectiveness, was first described by Hinman et al in 1923. '”' Mathes
6,20,91,92, 105, 126, 172-175

and Nahai and many other researchers have used barium sulfate.

Barium sulfate was not used to generate any images in 3D studies of the vasculature.

3.2.4 Gadolinium Based Mixtures

Typically gadolinium mixtures are used in clinical practice for large vessel
imaging and mostly for enhancement when utilizing MRI machines. No experiments have

been reported that mixed gadolinium with gelatin or attempted its use in cadaveric
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176-178
h.7 7

angiographic researc Its main advantage in clinical work is its lower toxicity in

patients with renal dysfunction.

3.2.5 Discussion

Three-dimensional imaging delivers better visualization of the microvasculature.
However, the ability of 3D techniques to produce high quality images and models is
dependent on several factors, factors including scanner resolution, software calculation
methods and the graphics processing abilities. Images are not static anymore, with the
advent of three-dimensional modeling data can be viewed from many angles and more

useful information can be obtained with valuable teaching models to be created.

The injection technique is crucial to the process producing high quality models.
The production of optimal images depends on using elements that have precise
concentrations; elements such as lead oxide, barium, or iodine are typically used in these
mixtures. These elements if used in higher concentrations will generate unwanted artifacts
that will contribute to lower quality images; also lower concentrations will diminish the
ability of the scanner to detect smaller size vessels. The use of a higher resolution CT

scanner or more sophisticated software will not compensate for any of these deficiencies.

In our review we found that most injection mixtures utilized in the production of
three-dimensional images are based on mixtures that were previously used in 2
dimensional x-ray generated angiograms. This is problematic for two reasons; the first is
that angiograms are obtained using single planner X-ray machines that are known to hide
the detailed three-dimensional nature of the vasculature by producing 2 dimensional

images. The second reason is that these mixtures were optimized for single planner
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imaging in which artifacts are not a major issue due to their lower sensitivity and single
planner technology; hence the use of a highly sensitive rotating multiplanar three
dimensional CT will definitely produce major artifacts if the mixture was not optimized

and properly selected for this technique.

3.2.6 Conclusion

The literature does not provide enough information about which contrast mixture
is considered optimal for computed tomography when three dimensional angiography
techniques. There is a need to assess the best injection technique suitable for CT scanning
of cadavers that will generate the optimal images of vascular architecture smaller than 5

mm in diameter.
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3.3 Part (A) Animal Injection Study

Abstract A: A Novel Three Dimensional Technique for Imaging Vessels in Animals

Three-dimensional reconstruction from CT scanned images is a valuable
technology that allows visualization of vascular anatomy and the collection of detailed
measurements with minimal dissection. In this study, we compare 4 injection techniques
utilizing 4 animals to establish the optimal method for CT scanning of human cadaveric

specimens.

Four New Zealand white rabbits were euthanized in accordance with the
University ethical guidelines. Each animal was injected with one of four angiographic
mixtures (Group A: modified lead oxide with gelatin; Group B: modified iodine with
gelatin; Group C: barium sulphate with gelatin; and Group D: gadolinium with gelatin).
CT scans were obtained, and the images were processed using MIMICS software.
Angiographic images of endosteal, subcutaneous and intermuscular arteries were scored
by radiodensity values in Hounsfield units (hu), measurements of the 3D volumes, and

values of the smallest vessel diameter detected by each technique was documented.

The arterial radiodensity mean values were: Group A, endosteal 2475;
subcutaneous 1475; and intramuscular 1250 (hu); Group B for the endosteal 1776,
subcutaneous 976, and intramuscular 853 (hu); Group C, only visceral circulation
576(hu); Group D: no radiodensities detected. The smallest vessel diameter detected was:
Group A, 0.2 mm; Group B, 0.5 mm, Group C, 0.5 mm; Group D, no vessels detected.
The mean 3D volumes were: Group A, 18.67 cm3; Group B, 22.3 cm3; Group C, 6.7 cm’
; Group D, 0 cm’.

In conclusion, under filling is a major issue with barium and iodine injections.
Contrast spilling and leaks are equal in both lead and barium mixtures, and gadolinium
injection was determined to be unsuitable for this CT scanning experiment. A reduced

mixture of lead oxide generated the best vascular filling for 3D imaging.
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3.3.1 Objectives

The objectives of the animal study was to define the best injection protocol for 3D
evaluation of the vascular anatomy, and to reduce artifacts and noise by defining the
appropriate CT Scanner Settings, and to determine the smallest vessel caliber traceable

with this technique.

3.3.2 Materials and Methods

Four New Zealand white rabbits were euthanized in accordance with the
University ethical guidelines. Each animal was injected with one of four angiographic
mixtures (Group A: modified lead oxide with gelatin; Group B: modified iodine with
gelatin; Group C: barium sulphate with gelatin; and Group D: gadolinium with gelatin).
CT scans were obtained, and the images were processed using MIMICS software.
Angiographic images of endosteal, subcutaneous and intermuscular arteries were scored
by radiodensity values in Hounsfield units (hu), measurements of the 3D volumes, and

values of the smallest vessel diameter detected by each technique was documented.

3.3.2.1 Animal Injection Protocol

Step One: Euthanasia with 1.5 ml of phenobarbital injection to rabbit ear vein.
Step Two: Exposure of carotid art and internal jugular vein.
Step Three: Insertion of catheters in both vein and artery for injection

Step Four: Preparation for injection 200 ml/kg of 9 % potassium chloride (KCL) (9 g in

100 ml) warmed to 50 °C.
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Step five: Float rabbit in a plastic container in warm water and inject the contrast solution

mixture.
3.3.2.2 Group A: Modified Lead Oxide with Gelatin

Step One: Flush specimen with 200ml/kg of specimen 50 °C warmed of 0.9% KCl1

solution.

Step Two: Mix 52g of 300-bloom gel in 100 ml of water.

Step Three: Add 60g Pb203/100 ml water to gel solution.

Step Four: Formalin (10%) 40-50 ml/kg of specimen an hour afterwards.
Step Five: store animal at 4 °C for 24 hours.

3.3.2.3 Group B: Modified Iodine with Gelatin

Step One: Flush specimen with 200mL/kg of specimen 50 °C warmed of 0.9% KCl

solution.

Step Two: Mix 5g of 300-bloom gel in 100ml of water.

Step Three: Add 30 ml (10g iopamidol) of Isovue 370 to gel solution.
Step Four: Formalin (10%) 40-50ml/kg of specimen an hour afterwards.

Step five: Store animal at 4 °C for 24 hours.
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3.3.2.4 Group C: Barium Sulphate with Gelatin

Step One: Flush specimen with 200mL/kg of specimen 50 °C of 0.9% KCl solution.
Step Two: Mix 5g of 300-bloom gel in 100ml of water.

Step Three: Add 0.4 ml/Kg to the mixture solution. (Living subjects receive 0.2ml/kg)
Step Four: Formalin (10%) 40-50ml/kg of specimen an hour afterwards.

Step five: Store animal at 4 °C for 24 hours.

3.3.2.5 Group D: Gadolinium with Gelatin

Step One: Flush specimen with 200mL/kg of specimen 50 °C of 0.9% KCl solution.
Step Two: Mix 2g of 300-bloom gel in 100 mL of water.

Step Three: 400 g/ 100 ml of mixture solution

Step Four: Formalin (10%) 40-50ml/kg of specimen an hour afterwards.

Step Five: Store animal at 4 °C for 24 hours.

3.3.2.6 Computed Tomography Scanner Settings

A multi row detector CT scanner (Siemens sensation 64) was used to scan the
animals. There were many variables in computed tomography setting that can help
produce better quality images. The voltage applied through an x-ray tube when it reaches
its maximal voltage is termed peak (kilovoltage kVp), the difference between black, white
and shades of gray is determined by this parameter. The penetration of different tissues in

the body requires different kVp. The milliampere mAs plays an important role in x-ray
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penetration in the presence of different densities. Although less critical the increase in
mAs when slice thickness was at 0.5 mm. produced slightly better images (less artifacts
from contrast agent). Only when the slice thickness exceeded 2 mm that the value of mAs

made a difference in the image quality.

Slice increment was as important as slice thickness. Smaller slice increment at 0.5
mm produced optimal images (range 0.5-2 mm). Slice with more pixels produced less
artifact then slice with fewer pixels; pixel range (378-512pxl). These settings were
established based on review of multiple textbook and papers in the radiology literature as

well as multiple attempts when scanning of each animal.'”"'®!

A voxel is 3D unit composed of pixel generated from axial, coronal and sagittal
formats (Figure 41). The voxel is viewed in 3D by applying a volume ray casting

techniques as previously mentioned in chapter three.

The optimal CT scan settings are listed in Table 14.
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Table 14: Optimal CT Scanner Setting for All Groups

Pixel Slice Slice mAS

size increment thickness

120-140 512 pxl 512 pxl 0.4 mm 0.5 mm 0.5 mm 74

Figure 41: CT sagittal view of a rabbit with a magnified pixel
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3.3.2.7 Computer Aided Design and Data Analysis
In review of the three-dimensional imaging literature and analyzing data with
several three-dimensional imaging software, it was determined that MIMICS by

158-160, 182

Materialise had the best supportive literature, and the user interface is most user

friendly.

MIMICS allows its user to import raw data in form of DCM series, and allows the
user to verify the integrity of this data prior to creating projects. The software
manufacturer also responded to our request to help with minimizing artifacts generated by

lead oxide via adding a median type filter to help with artifact reduction.

The STL model generated for the vascular tree is then fitted with central lines to
measure the diameter of the vessel. This is set at 1 mm interval along the course of the
vessel. MIMICS is also capable of tracing the surface distance of the STL model to
provide an accurate estimate of the pedicles length. In addition mimics generates volume
and surface area measurements for each STL model created, this helps with estimating the
volume of blood supply received from each vessel and its branches inside the muscles’

STL model.
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The steps needed to generate a Steriolithographic 3D model were as follow:

First step: Import raw data in the form of DCM images, and verify integrity and

sequence of images.

Second step: Crop project to anatomical areas and save the mimics (mcs) file.

Third step: Identify anatomical structures to be studied and in the cropped project and

apply a general segmentation to the voxels of interest.

Fourth step: The generated model of voxels can then be assessed to see if matches the

anatomical areas on each corresponding CT layers (axial, coronal and sagittal).

Fifth step: MIMICS has many tools to specifically target difficult areas to segment.

Thresholding using multislice editors and livewire tool and so on where very helpful in

producing the final models.

3.3.3 Results

The optimal settings were established and can be found in Table 14. The data was
analyzed using MIMICS and 3D models were generated. The Hounsfield (hu) units for
each structure and contrast material are outlined in Figure 46. Lead oxide hu scale ranged
between 1450-3071 hu depending on density of voxels in each CT slice. Barium hu scale
ranged between 1300-2600 hu depending on density of voxels in each CT slice (Figures

43, 47B).
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Iodine had a density range between 1200 and 2080. Gadolinium density was
indistinguishable from other soft tissue densities when complexed with gelatin (Figure
44). The reduced lead oxide gelatin mixture produced the best models. lodine had a lower
filling value then lead oxide and barium. In comparison to barium sulfate, Lead oxide
gelatin complex produced a higher viscosity solution and had minimal leakage around

water shed areas (Figures 42, 47C,D).

The lead oxide injected rabbit was dissected to compare the length and diameter
of the aorta to the length and diameter recorded from the STL model. The STL model
produced a 30.8 cm long vessel with an arterial diameter of 3.4 mm. Dissection of the

aorta revealed a 30.6 cm with a diameter measuring 3.2 mm.
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Table 15: Vascular Radiodensities in Select Tissues

Mean Endosteal Subcutaneous Intramuscular/ Smallest
arterial Visceral diameter
radiodensity measured
within (mm)
tissues (hu)
Lead Oxide 2475 1475 1250 0.2 mm
Barium 1776 976 853 0.5 mm
Sulfate
Iodine 0 0 576 0.5 mm
Gadolinium 0 0 0 0

Modified lead oxide Gelatin Mixture

Dimensions
(mm)

47.70 218.24 170.55
15.87 132.78 116.90
z -1194 -809.39 384.61
e
Surface Areas
Volume 316.17cm?
Surface 738.3cm?
# Triangles 243884
# Points 125604

Figure 42: Morphometric Data of Lead oxide injection group
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Modified Barium Gelatin Mixture

Dimensions

(mm)
47.70 218.24 170.55

Y 15.87 132.78 116.90

Zz -1194 -809.39 384.61
e —

Surface Areas

Volume 305.67 cm?

Surface 728.4cm?

# Triangles 243884

# Points 125604

Figure 43: Morphometric Data of Barium Gelatin injection group

Modified Todine Gelatin Mixture

Dimensions

(mm)
47.70 218.24 170.55

Y 15.87 132.78 116.90

7 -1194 -809.39 384.61
e

Surface Areas

Volume 302.68cm?

Surface 719.7 cm?

# Triangles 243884

# Points 125604

Figure 44: Morphometric Data of Iodine Gelatin injection group
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Modified Gadolinium Gelatin Mixture

Dimensions Delta
(mm) (mm)

X 47.70 218.24 170.55

Y 15.87 132.78 116.90

Z -1i54 -805.35 384.61
U —

Surface Areas

Volume 279.67 cm?

Surface 714.2 cm?

# Triangles 243884

# Points 125604

Figure 45: Morphometric Data of Gadolinium Gelatin injection group

Hounsfield Radiodensity Scale (hu)

Air  ———p- g -1024 hu

Fat __.,I -100 hu
Water — g 0 hu
Muscle ——= " 20-100 hu

Bone —_— 769 - 1450 hu
lodine _— 1300 - 2080 hu
Barium s 1300 - 2600 hu
Lead Oxide ——ppm- 1450-3071 hu

Figure 46: Hounsfield Radiodensity Scale

The mean range of Hounsfield unit for all mixtures were identified and presented in
this figure.
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Figure 47: Rabbit Injection study
A) STL model of a lead oxide injected rabbit with dicom image demonstrating the
absence of artifacts in an axial slice. B) STL model of a Barium sulfate injected rabbit
with evidence of injection spillage in the flank area around the choke zones between the
intercostal arteries and the deep and superficial circumflex iliac arteries of the abdomen
and flank. C) Image of the Aorta of the lead oxide injected rabbit with the superficial
system hidden in the model to demonstrate the ability to measure the length and
diameter of the aorta. D) The lead oxide injected rabbit with the superficial arterial

system in view; note the complexity and detailed arterial anatomy.
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3.3.4 Discussion

In 2002, Tang et al described a modified lead oxide with gelatin technique for
plain x-ray angiograms, which was different than what Rees, and Taylor described in
1986. *"*** Tang et al. described a 100 g per 100 ml of 5 % gelatin. In this pilot study, the
objective was to assess whether this change would help obtain better images on CT
scanners. Dr. Tang recommended a reduced mixture of 60 g per 100 ml of 5 % gelatin;
this slight modification proved crucial in the rabbit study to obtain optimized CT images,
this in addition to factors related to CT scanner settings see Table 14. Also worth noting,
that the quality of the final images were related to factors such as concentration and
viscosity of the injected solution, too viscous or too dilute created lower quality images, a
pulsatile injection at 120 mmHg produced better filling of the vascular tree. The injection

was easier when the temperature of the injectate was set at > 40 °C.

3.3.5 Conclusion

In conclusion, under filling is a major issue with barium and iodine injection.
Gadolinium injection was not suitable for CT when mixed with gelatin, contrast spilling
and leaks are slightly higher in barium then the lead oxide mixture. A reduced mixture of

lead oxide generated the best vascular filling and 3D images.
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Chapter 4.0 Cadaver Injection Study, Phase II Part (B)
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Abstract B: Three Dimensional Analysis of Human Skeletal Muscles

The transfer of muscles as a functional unit in an effort to restore function is a
complex procedure that requires a donor muscle with reliable and suitable anatomy, and
appropriate dynamic structure to meet the functional needs of the recipient site. The goal
of functional muscle transfer is to restore active motion and satisfy a patient’s particular
functional need. The success of such procedures is dependent on the ability of the surgeon
to select the most appropriate muscle. The muscle selected must be well vascularized.

The main focus of this project was on potential donor muscles for functional muscle

transfer.

We hypothesized that muscle is supplied by a consistent number of predictable
vascular pedicle that originated from defined number of source arteries (angiosomes) and
that muscle transfer in whole or segmental transfer is possible based on knowledge of the
multitude of vascular pedicles with major contribution to each muscle, hence increasing

the options available for harvesting muscle flaps.

Seven fresh human cadavers were injected utilizing a modified lead oxide
injection technique, which was optimized in an animal injection study. Each vascular
pedicle with diameter greater than 0.5 mm was recorded, and compared to 3D virtual
Stereolithography models (STL) generated from Computed tomography images. A
selected group of 20 skeletal muscles representing surgically accessible muscles in areas
of the head and neck, trunk, upper and lower extremity underwent 3D STL modeling to
provide information regarding average surface area and volume of muscle supplied by
each pedicle. Information related to average pedicle length, diameter, and course was

documented.

In conclusion, our hypothesis that skeletal muscles have consistent and
predictable blood supply in 280 skeletal muscles held true. The information generated in
3D format, helped produce valuable qualitative and quantitative data to assist surgeons in

finding options for donor muscles.
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4.1 Materials and Methods

Seven fresh human cadavers were injected utilizing a modified lead oxide
injection technique, which was optimized in an animal injection study. Three fresh
cadavers were also radiographed and then dissected. Each vascular pedicle with diameter
greater than 0.5 mm was recorded, and compared to 3D virtual stereolithography models
(STL) generated from computed tomography images. A selected group of 20 skeletal
muscles representing surgically accessible muscles in areas of the head and neck, trunk,
upper and lower extremity underwent 3D STL modeling to provide information regarding
average surface area and volume of muscle supplied by each pedicle. Information related

to average pedicle length, diameter, and course was documented.
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4.2 Results and Discussion

4.2.1 Head and Neck

Temporalis:

The temporalis muscle as surgical flap was first described by Yolovine in 1898.
'3 The Temporalis muscle is frequently harvested as a muscle or myofascial flap, and

occasionally as a myo-osseus flap. The myo-osseus flap is useful in craniofacial

reconstruction; the myo-osseus blood supply is poorly understood.

Temporalis muscle origin is from the temporal fossa, and inserts into the coronoid
process of the mandible. The temporalis is innervated by the deep temporal branches of

the anterior division of the mandibular branch of the trigeminal nerve.

The blood supply of the temporalis was demonstrated in first chapter of this thesis,
upon studying the muscle in 3D we found an interosseus communicating branch with the
middle meningeal vessel; this communicating branch was not previously outlined. Figure
48 is a video that shows this relationship in real time 3D, and Figure 49 shows a

dissection image next to a 3D static image.

A communication with a mean diameter 0.6 = 0.13 mm between the middle
temporal artery (MTA) and middle meningeal artery (MM) was found in 13/14 muscles

Figure 51 depicts this arterial interosseus relationship.

The muscles mean volumes and arterial blood supply from the morphometric analysis is
shown in Table 16. Figure 50 represents the percentage in volume supplied by each

vascular pedicle.
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The Temporalis &

its Myosseous Territory
in 3D

Figure 48: Temporalis 3D Angiogram
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Figure 49: Temporalis 3D-Capture and Dissection

Blue circle to the left outlines the interosseus communication, the vascular pedicle found
on dissection (*) to the right. Communication with a mean diameter 0.6 = 0.13 mm
between the middle temporal artery (MTA) and the middle meningeal artery (MM) was

found in 13/14 muscles.
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Table 16: Three Dimensional Analysis of Temporalis

Anterior
Deep

Temporal

Posterior
Deep
Temporal

Middle
Temporal
Artery

Arter

Arter

(mm)

Mean Muscle 16.3+3.1 253+24 13.6+14
volume (cm3)

Mean Length of 4.5+1.2 43 £09 2.6+0.7
Pedicle (cm)

Mean Diameter 1.2+0.18 1.3+0.21 0.7+0.13

Figure 50: Mean Contribution of each Vessel to Temporalis Volume in Percentage

MTA = Middle temporal artery; ADTA = Anterior deep temporal artery; PDTA =

Posterior deep temporal artery.
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Figure 51: Schematic Illustration of the Vascularity of Temporalis

Middle meningeal (MM); Anterior deep temporal artery (ADTA); Posterior deep
temporal artery (PDTA); Superficial temporal (STA). Coronoid Process (C); Cranium
(Cr); Zygomatic Arch (A).
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Masseter:

The masseter muscle can be transferred as a local flap in the head and neck
particularly for facial reanimation, however the vascular anatomy is not well documented.
3918 The masseter originates from the zygoma and maxilla, and inserts on the ramus and
angle of the mandible. The masseteric nerve of the mandibular branch of the trigeminal
nerve innervates the masseter. This innervation is important clinically as it could serve as
a donor site for patients with facial paralysis. The masseter is supplied by the deep

masseteric artery via the internal maxillary artery, as well segmental blood supply by the

facial artery via the inferior and superior masseteric arteries.

The masseter arterial anatomy is illustrated in Figures 52 and 53. The mean
volume of this muscle was 22.7 cm’ + 0.8. The deep masseteric artery (DMA) is found
deep to the temporalis insertion on the mandible (Figure 53B). This vessel supplies a
mean of 43% =+ 5 of the masseter volume with a mean diameter 1.4 mm =+ 0.3. The other
half of the masseter was supplied by the facial artery via its superior masseteric artery
(SMA) a branch of the transverse facial artery, the mean volume of masseter supplied by
this vessel was 32 % =+ 4, the mean diameter of the SMA was 0.9 mm £ 0.4. The inferior
masseteric artery supplies a mean volume 24% =+ 5; the mean diameter of the inferior
masseteric artery is 0.6 mm = 0.2. A summary of morphometric data can be found in

Table 17.
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Masseter 3D Angiogram

Figure 52: Masseter 3D Angiogram
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Figure 53: Masseter in 3D

The arterial anatomy of the masseter is shown with the deep and superficial blood

supply to the muscle.

Table 17: Three Dimensional Analysis of Masseter

Deep Superior Inferior

Masseteric Masseteric Masseteric

Mean Muscle 97+1.1 7.2+0.9 54+1.1
volume (cm3)

Mean Length of 2.7+0.6 3.1 £0.5 2.1+0.3
Pedicle (cm)

Mean Diameter 1.4+0.3 09+04 0.6+0.2
(mm)
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4.2.2 Trunk
Trapezius

Trapezius is a diamond shaped muscle that has cervical, scapular and thoracic
parts. This muscle lies superficial to all musculature of the back, and has unique anatomy
and relevant surgical applications. Baek et al in 1980, '** was the first to describe the
trapizeus as a surgical flap. Trapezius is mainly utilized as a pedicled flap, but has the

portential to be partially transferred as free flap.

The muscles is supplied by the occipital artery (OA), deep cervical artery,
transverse cervical artery (TCA), deep and superficial branches, superficial branch of the
dorsal scapular artery (DSA), vertebral radicular perforators and the posterior intercostal

arteries (PICA).

The smallest zone of perfusion is near the muscle’s occipital origin and is
supplied by branches of the occipital artery, and deep cervical artery. The part around the
root of the neck and the posterior shoulder is the largest zone of perfusion, and is supplied
mostly by the deep branch of the transverse cervical artery, but with contribution form the
superficial branch of TCA especially to the overlying skin medial to the posterior
shoulder. The suprascapular artery supplies a small are laterally near the acromion. The

3D study confirms that the transverse cervical artery is the dominant arterial supply.

The mean diameter for the transverse cervical artery is 2.3 mm + 0.2; the mean
pedicle length is 7.4 cm + 3. The deep branch mean diameter is 2.1 mm + 0.4, and the

mean pedicle length for the deep branch of the transverses cervical artery is 5.3 cm + 0.9,
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the superficial branch mean diameter is 1.8 +0.3, and with an mean pedicle length of 3.2

cm =+ 0.3.

The mean volume of trapezius muscle is 145.4 cm® + 5, the transverse cervical
vessel contributes to 45% + 3 of the volume and the deep branch contributes to 36 % =+ 2
of muscle volume, the superficial branch contributes to 9 % =+ 1.6 of the muscle’s volume.
The occipital artery contributed to 8% +2 of the muscle’s volume. The suprascapular

artery supplied 5% = 2 of the muscle’s volume.

The dorsal scapular artery descends along the medial border of the scapula and
sends a superficial perforating branch that supplies the middle third of the muscle on its
deep surface. The dorsal scapular artery is the dominant blood supply to the lower
trapezius 17% =+ 3. The lower part of the muscle is much smaller in volume, and the
dorsal scapular shares the supply to the inferior aspect of the muscle with the vertebral
radicular perforators and the posterior intercostal arteries. The diameter of the DSA is
2.1mm + 0.3 and the mean length was 4.2 cm + 1. Table 18 contains summary of the 3D

morphometric data.

The dominance of the dorsal scapular artery in the lower trapezius is of great
surgical significance, since it allows segmenting the muscle for transfer without

compromising its function. Figures 54 and 55 illustrate the anatomy of this muscle.
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Figure 54: Trapezius 3D Angiogram
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Figure 55: Dorsal Scapular Artery
The dorsal scapular artery (*) sends a perforating branch from the deep surface of the
muscle to supply the inferior part the trapezius muscle. This muscular perforator is an
independent branch separate from the deep or descending branch of the transverse
cervical artery (D). Medially note the other significant branch of the transverse cervical

artery; the superficial cervical artery (S).
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Table 18: Three Dimensional Analysis of Trapezius

Transverse Deep Superficial Dorsal
Cervical Transverse Transverse Scapular
Artery Cervical Cervical Artery
Arter Arter
Mean Muscle 654 +7.3 523 £29 48 £2.3 24.7+ 0.74
volume (cm3)
Mean Length 7.4+3 53+0.9 32 £0.3 42+1
of Pedicle
(cm)
Mean 23+0.2 21+£04 1.8+0.3 2.1+£0.3
Diameter
(mm)
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Latissimus Dorsi

In reconstructive surgery the latissimus dorsi is considered the workhorse flap
with the most reliable blood supply. The latissimus dorsi flap was described almost a
hundred years ago by Tansini. This muscle has three vascular territories. The mean
volume of latissimus dorsi was 442 cm’ + 34. The thoracodorsal artery is the dominant
arterial supply and enters the proximal part of the muscle 8 cm + 4 distal to its insertion,
supplying 42 % =+ 4 the proximal part of the muscle. The lower and posterior parts are
supplied by 6 + 2 posterior intercostal arteries and 5 + 2 thoracolumbar perforators (TLP).
The total volume of muscle supplied by PICA perforators is 36 % + 2. The thoracolumbar
perforators supply 22% = 3. The thoracodorsal artery anastomoses with intercostal,
thoracolumbar perforators and the arcade formed by the dorsal scapular and descending
branch of the circumflex artery at the inferior angle of the scapula within the muscle in all
samples (Figures 56,57). The mean diameter of the thoracodorsal artery (TDA) is 3.1cm =+
0.5, the mean volume of muscle supplied by the TDA 185.6 cm® + 17.6. For detailed

summary of the morphometric data see Table 19.
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Table 19: Three Dimensional Analysis of Latissimus Dorsi

Thoracodorsal Posterior Thoracolumbar
artery Intercostal Perforators
Arteries
Mean Muscle 185.6+17.6 159.1 £ 8.8 972+ 133
volume (cm3)
Mean Length 10.8+2cm 3.6+£0.7 3.1+0.5
of Pedicle
(cm)
Mean 3.1+0.5 0.8+0.2 0.6+0.2
Diameter
(mm)

Figure 56: Latissimus Dorsi 3D Angiogram

146



Figure 57: Latissimus Dorsi Vascular territories
The three vascular territories of the latissimus dorsi muscle outlined in this 3D capture.

From a dynamic STL also see Figure 56.
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4.2.3 Upper Extremity

Coracobrachialis

Parry et al described coracobrachialis as a muscle with a dominant single pedicle
that can be used as surgical flap.'” Hober et al later described its use as a transposition

flap for coverage of the axillary artery based on its dominant proximal blood supply. '*

Coracobrachialis takes origin from the coracoid process and inserts on the
proximal and medial surface of the humerus. The muscle is innervated by 2 branches
from the musculocutaneous nerve. The blood supply to this muscle is from a direct
branch of the axillary artery proximally, and is the dominant pedicle its length is 2.6 cm +
0.3, the diameter of this vessel 1.2 mm + 0.3, and its supplies 55 % +4 of the muscle’s
volume. The remaining blood supply was from the brachial artery in a segmental fashion
constituting the 43 % + 3. The average diameter of this pedicle Table 21 contains

summary of the data. Figure 58 demonstrates the arterial anatomy.
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Figure 58: Coracobrachialis Three Dimensional Angiogram

Table 20: Three Dimensional Analysis Data Coracobrachialis

Coracobrachialis Profunda

artery Brachii

Mean Muscle 6.5+0.4 5.1+0.35
volume (cm3)

Mean Length of 2.6+0.3 0.6+0.2
Pedicle (cm)

Mean Diameter 1.2+0.3 0.6+0.1
(mm)
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Biceps Brachii

The biceps brachii muscle has a unique vascular anatomy, and an important
essential motor function, despite that its vascular anatomy allows partial splitting of the
muscle to be used on its on as free segmental muscle transfer or to be included with

myocutaneous lateral or medial forearm flap (Figure 59).

The major supply to this muscle is via two large branches from the brachial artery
in the middle mass of the muscle. The biceps vessels have a longer intermuscular then
their extramuscular course. The mean length of the branches of the brachial artery
supplying the muscle is 4.2 cm + 0.8 cm; the length of the extramuscular course of the
brachial artery branches had a mean of 2 cm + 0.3. The mean diameter of the branches
from the brachial artery is 1.6 mm + 0.2. The mean volume of the muscle is 101.9 cm® +

4. The muscle receives small contribution from profunda brachii from its lateral surface

(Table 21).

150



Table 21: Three Dimensional Analysis of Biceps Brachii

Brachial Profunda

Artery Brachii
Branches
Mean Muscle 98.6 £2.4 0.52+0.11
volume (cm3)

Mean Length of 2+0.3 1.2+03
Pedicle (cm)

Mean Diameter 1.6 0.2 0.6+0.12
(mm)

Biceps Brachii
in 3D

Figure 59: Biceps Brachii 3D Angiogram
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Brachialis

The brachialis muscle also has a unique anatomy related to its innervations, blood
supply. Surgically the muscle is accessible via both medial and lateral incisions. The
lateral incision is favorable should segmental transfer be considered. The muscle can be
split from the lateral aspect due to the dual innervations it receives, the musculocutaneous
nerve always innervates this muscle but in 83 % of the case this muscle receives lateral
contribution from a descending branch of the radial nerve. '*’The vascular anatomy is
dominant to the brachial artery but there is a minor contribution from the profunda brachii
on its lateral surface as seen in the 3D model in Figure 60. This unique characteristic of
brachialis permits segmenting of the lateral aspect of the muscle based on the profunda

branch it receives and the radial innervation to the lateral aspect of the muscle.

The brachialis muscle receives its blood supply from the brachial artery and the
ulnar recurrent artery, as well as the profunda brachii muscle. There are 4 + 1 vascular
pedicles entering the Brachialis muscle. The mean diameter from the brachial artery is the
largest measuring 1.7 mm + 0.3. The mean length of each the branches of the Brachialis
is 2 cm + 0.5. Profunda brachii sends branches to the lateral aspect of the muscle, the
branches of profunda 3 + 1; the diameter is 1.4 mm + 0.2, and mean length 2.2 cm + 0.6.
The ulnar recurrent artery supplies this muscle on its distal end with constant 2 branches,
mean length 1.9 cm + 0.4. With a 1.6 mm + 0.2. The muscle’s mean volume is 24.2 cm’ +
2. The profunda brachii supplies 80 % =+ 4 of its volume, ulnar recurrent supplies 15 + 3
% and the profunda brachii supplies 5 % + 1. Figure 60 shows the relevant vascular

anatomy to this muscle, and Table 22 summaries the above-mentioned data.
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Figure 60: Brachialis 3D Angiograms
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Table 22: Three Dimensional Analysis of Brachialis

Brachial Artery Ulnar recurrent Profunda

Branches Branches Brachii
Branches
Mean Muscle 19.4+ 0.96 3.6+£0.7 1.2+0.2
volume (cm3)

Mean Length of 2 +0.5 1.9+0.4 22+0.6
Pedicle (cm)

Mean Diameter 1.7 £0.3 1.6 +0.2 1.4+0.2
(mm)
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Thenar Muscles:

The thenar muscles of the hand are among the smallest muscles of the body, the
thenar muscle are commonly used in hand reconstruction, and typically the process of
pollicization and toe to thumb transfer require thorough knowledge of their anatomy and

blood supply.
Abductor Pollicis brevis

The abductor pollicis brevis is a small muscle flap that has been utilized clinically
to reconstruct thumbs or cover adjacent and very small hand defects. *”'*'*°. The APB
is the most radial muscle of the thenar group it originates from the tubercle of the
scaphoid and the transverse carpal ligament, and it inserts on the radial side of the base of

the proximal phalanx of the thumb.

Its arterial blood supply is mainly from the superficial radial artery; there are 3 +
1 branches that enter the muscle at its origin, midway and distally. The mean diameter for
the superficial branches 0.6 mm =+ 0.2. The superficial branches supply 100 % of the
muscle’s volume with the proximal branch being the dominant supply constituting 40 %
of the muscle’s volume (Figure 61). Table 22 contains summary of the thenar muscles

data.
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Figure 61: Abductor Pollicis Brevis
The branches of Abductor pollicis brevis numbered from 1-4. Note that the superficial
radial artery has a radial (a) and a palmar (b) division, and the radial division (a)

supplies the APB.
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Flexor Pollicis Brevis

Flexor pollicis brevis muscle receives its blood supply from the superficial palmar
artery as well as the deep palmar arch for its deep head. The dominant blood supply to the
superficial head was from the branches of the superficial radial artery, particular the radial
division. The deep head also received segmental blood supply from both deep and

superficial radial systems with the deep system being dominant (Figure 62).

The number of branches from the superficial system was 6 + 2, and the deep
system 4 £1. The superficial system supplied 70 % + 4 of the superficial head and the

deep system supplied 60 % + 5 of the deep head.
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Figure 62: Flexor Pollicis Brevis
The flexor pollicis brevis with the superficial head on the radial aspect (s), and the deep

head on the ulnar aspect (d)

158



Opponens Pollicis

The deepest of the thenar muscles, and is supplied completely by the radial
division of the superficial radial artery. It receives 6 = 2 very small segmental branches,
the details of all thenar muscles data is summarized in Table 22. Figure 63 demonstrates

the 3D anatomy of the thenar muscles

Table 23: Summary of Three Dimensional Analysis of Thenar Muscles

Abductor  Flexor Pollicis Opponens

Pollicis Brevis Pollicis
Brevis
Mean Muscle 7+1.5 16.3+3 3.5+0.7
volume (cm’) *
Branches from 3+1 6+2 6+2
Superficial
radial
Branches from 0 4+1 0
deep palmar
arch
Largest 0.8 0.7 0.6
diameter vessel
(mm)

* Previous Tables indicated mean muscles volume supplied by a vascular pedicle; this

Table only states the actual mean volume of each muscle instead
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Figure 63: Thenar Musles 3D Angioram
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4.2.4 Lower Extremity
Tensor Fascia lata

The tensor fascia lata TFL musculocutaneous flap was described in 1978 by Nahai et
al."”! The muscle and its overlying skin enjoy robust blood supply. Safe harvesting of
myocutaneous, fasciocutaneous or perforator skin flaps from this area is only possible
with detailed knowledge of the course and distribution of the ascending branch of the

lateral circumflex femoral artery (LCFA).

The ascending branch of the LCFA was always the dominant pedicle to TFL. The mean
diameter to TFL is 2.2 mm =+ 0.6; the mean volume for the TFL muscle is 54.9 cm® + 3.7.
The TFL also receives minor contribution from the deep branch of the superior gluteal
artery; the mean volume supplied by the deep branch of the superior gluteal artery is 5
cm’ + 0.7. Table 24 outlines the mean lengths of vascular tree. Figure 64,65 shows details

of the vascular anatomy of this muscle.
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Table 24: Mean lengths of Lateral Circumflex Femoral Vascular tree

Ascending branches to TFL
(mm)

1- Ascending Pedicle 34.92
2- Superior intramuscular branch prior to 8.40
branching

3-Inferior intramuscular prior to branching  8.18

4-Superior terminal branch of the superior  23.78
branch of the ascending LCFA

5-Inferior terminal branch of the superior 14.60
branch of the ascending LCFA

6-Superior terminal branch of the middle 23.04
branch of the ascending LCFA

7-Middle terminal branch of the middle 37.77
branch of the ascending LCFA

8-Inferior terminal branch of the middle 20.50
branch of the ascending LCFA

9-Branch of the descending LCFA 15.73
supplying theilliotibial tract

e "]

[
e 2

Commiiniditioh with the

e

deepb?énch of
the superior@luteal artery

Figure 64: Tensor Fascia Lata 3D Angiogram
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Vascular supply to

the Tensor Fascia lata
and overlying skin

Figure 65: TFL Perforator Flap in 3D

163



Sartorius

Sartorius is a muscle that has many potential applications in reconstructive surgery. So
far, its application has been limited to transposition to cover small defects in the groin,'*?

this muscle has segmental blood supply and segmental innervation lending itself well to

the concept of segmental transfer. '

The superficial femoral artery is the major blood supply to sartorius. There is a small

contribution from the common femoral at its proximal origin.

? +11.9. The mean number of pedicles to this

The mean volume of the muscle is 87.5 cm
muscle is 6.8 + 1.236. The mean diameter of pedicles to this muscle is 1.5 mm + 0.27,
the descending genicular artery supplied the muscle with the largest pedicle, the pedicles
diameter is 2 mm in diameter and with a mean length of 4.3 cm =+ 1.2, and is typically

found at the distal third of the muscle. Table 25 summarizes the morphometric findings of

the Sartorius muscle. Figure 66 shows the anatomical details of Sartorius in 3D.
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Table 25: Three Dimensional Analysis of Sartorius

Mean Common  Superficial Descending

Total Femoral Femoral Genicular
Volume Arter
Mean Muscle 87.5+11.9 33+14 65.8 5.2 184 +£8
volume (cm3)

Mean diameter 1.5+0.27 1.6 £0.15 1.3+£0.23 1.8 +0.13

of pedicles

(mm)

Mean number 6.8+1.23 1.3+0.5 3.8 £0.78 1.66 £0.7
of Pedicles

Mean length of 2.7+ 0.69 3.1+£0.7 24 £04 43 £1.2

pedicles (cm)

Sartorius
rendered transparent

Figure 66: Sartorius 3D Angiogram
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Gracilis

Gracilis is currently a workhouse flap for functional muscle transfer. Its unique anatomy
and ease of harvest made it the go to flap in functioning muscle transfer. Hari et al. was
first to demonstrate the functional transfer of the gracilis for facial paralysis in 1976. "
The main vascular pedicle to gracilis is supplied by the medial circumflex femoral artery.
The detailed branching system of the medial circumflex femoral artery is not well
illustrated in many anatomical atlases and textbooks. '**"*” The literature also has few

studies describing the different branches of this vessel. 198-200
The most common branching system observed is illustrated in Figure 67.

The Gracilis takes origin from ischiopubic ramus and inserts into the pes anserinus. In
some reconstructive surgery textbooks the gracilis main pedicle is described to be from an
ascending branch of the medial circumflex femoral artery, and in others it is described as
a separate branch of profunda known as the adductor artery. Despite the well known
variation in the take off of the medial circumflex femoral artery, our findings were
compatible with the Federative Committee on Anatomical Terminology (FCAT); we
consistently found the MCFA to have deep and superficial branches, as well as an
ascending branch. The ascending branch supplied the proximal origin to the muscle but
was not found to be the dominant pedicle to the muscle as some authors have described.
The dominant pedicle was from an ascending ramus of the deep branch of the MCFA.
This relationship is illustrated in Figure 64. The gracilis muscle also receives minor
segmental blood supply from the superficial femoral artery. Figure 68 is a 3D angiogram
of gracilis. The mean volume of the gracilis muscle was 69.4 cm® + 5.5. The mean

volume supplied by the medial circumflex femoral artery 42.4 cm® + 3.7. The mean
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volume supplied by the ascending branch of the MCFA was 3.39 cm’ + 0.2. The mean
volume supplied by the branches of the superficial femoral artery is 24.8 £ 1.7. Table 26

contains summary of the morphometric data.
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Table 26 Three Dimensional Analysis of Gracilis

Deep Superficial Ascending

branch of Femoral branch of
\Y (®) -\ Arter MCFA
Mean Muscle 694 +5.5 42.4 +£3.7 248 +£1.7 3.39+0.2
volume (cm3)

Mean diameter 1.04 +£0.49 1.7+£0.2 0.7+0.13 0.67+0.1
of pedicles

(mm)

Mean number 4.1+0.73 1+£0 2.07+0.73 1+0
of Pedicles

Mean length of 3.7€£1.9 6.5+0.4 234+04 25+0.35
pedicles
(cm)

MCFA = Medial circumflex femoral artery

Figure 67: Medical Circumflex Femoral Artery (MCFA)
A) Ascending branch of the MCFA. B) Superficial branch of MCFA. C) Deep branch of
MCFA.
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Graci-lis
in 3D

Figure 68: Gracilis 3D Angiogram
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Gluteus Maximus

The gluteus maximus muscle is commonly used as a regional flap especially in the
reconstruction of pressure sores. The dual dominant arterial supply by both the superior
and inferior gluteal arteries makes this muscle a great donor for segmental transfer
(Figures 69,70). The medial circumflex femoral MCFA also supplies this muscle distally
near its insertion. The gluteus maximus is not typically used as free flap due to its

indispensible function.

The mean volume of gluteus maximus was 694 cm® + 44, the mean volume of the muscle
supplied by the superior gluteal artery is 306 cm® + 6, and the mean volume of the
muscle supplied by the inferior gluteal artery is 368 cm’ + 9. Please refer to Table 27 for

detailed morphometric analysis.
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Gluteus Maximus
Vascular Anatomy

Superior Gluteal Artery

Inferior Gluteal Artery

e —

Deep branch of MCFA

ke B

Figure 69: The Arterial Architecture of Gluteus Maximus

MCFA= Medial circumflex femoral artery

Table 27: Three Dimensional Analysis of Gluteus Maximus

Inferior Superior Deep branch of

MCFA

Total Gluteal Gluteal
Artery Artery

Mean Muscle

3 694 3+44 368+9 306 £5.6 19.1£0.8
volume (cm”)

Mean diameter

. 2509 295+0.6 3.15+0.42 1.3+0.2
of pedicles (mm)

Mean length of

. 44+1.13 4.86+0.9 3.14+0.5 5.3+0.54
pedicles (cm)
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Figure 70: Gluteus Maximus and Medius 3D Angiogram
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Gastrocnemius

Gastrocnemius has A reliable blood supply and is well known for its application in
coverage of proximal third defects of the leg. The muscle has not been studied or used
clinically as free flap or for functioning muscle transfer. The medial head is the larger of
the two heads. The blood supply is from the medial and lateral sural arteries, as well as
the peroneal artery distally for the lateral head and the posterior tibial artery distally for

the medial head (Figures 71,72).

The mean muscle volume was 498 cm® + 44.5, the mean number of pedicles entering the
lateral head proximally was 2.6 + 0.48, and the mean diameter of all pedicles to the

lateral head was 1.09 mm + 0.54.

The mean number of pedicles entering the medial head proximally was 2.23 + 0.48; the

mean diameter of all pedicles to the medial head was 1.2 mm + 0.68.

The mean volume of the muscle that supplied by the lateral sural arteries was 103.4 cm’
+ 21, and the mean volume of muscle supplied by the medial sural artery was 245 cm’ +

18. Please see table 28 for detailed morphometric data.
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Medial Sural Artery

Medial Sural artery
(Superficial)

Medial Sural Artery™ 28" / /  Lateral Sural Artery
(Deep)  ~__ 3 5 n (Deep)

Figure 71: Arterial anatomy of Gastrocnemius

Table 28: Three Dimensional Analysis of Gastrocnemius

Mean Mean
Muscle .
Volume (cm3) Number of diameter
branches (mm)
Total 498 + 44 .5 2.8 £0.73 1.15 £0.6
Medial Head 349.7 +20 2.6 +£0.48 1.2 £0.68
Lateral Head 148.3 £+ 31 3+£09 1.09 +£0.54
Medial Sural 245+ 18 253 £051 1.9 £037
Artery
Lateral Sural 103.4 +21 223 +048  1.67 £0.36
Artery
Peroneal artery 44 +10.8 3.76 +£0.44 0.7 £0.17
Posterior tibial 104.7 + 8.7 276 £043  0.66 +0.13
artery
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Gastrocnemius Muscle

Figure 72: Gastrocnemius in 3D
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Soleus

The soleus muscle originates from the soleal line on the proximal third of the tibia and
from the proximal and mid part of the fibula. At the middle third of the muscle, a midline
fibrous band splits the muscle into lateral and medial belly. Soleus is described as a
regional flap for the coverage of middle third defects of the leg. Tobin et al. described a
hemi soleus flap based on reverse flow from either the peroneal or the posterior tibial

arteries distal branches. °!

The main blood supply is derived from the popliteal, peroneal
and posterior tibial arteries (Figure 73). The muscle’s average volume is 186 cm® + 9. The
average volume supplied by the soleal branch of the popliteal artery is 55.8 cm® + 2.65,
the average volume supplied by the proximal branch of the peroneal artery is 46.5cm’ +
2.2, and the average volume supplied by the proximal branch of the posterior tibial artery
is 27.9 cm’® + 1.3. The average volume of muscle supplied by the posterior tibial artery

distally is 19.55 cm’ = 0.92, and the average volume supplied by the peroneal artery is

36.3 cm® + 1.72 (Table 28).
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Figure 73: Posterior surface of Soleus

POA= Popliteal artery, PA= Peroneal artery, PTA= Posterior tibial artery.
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Table 29: Three Dimensional Analysis of Soleus

Total | Popliteal Proximal Proximal  Distal Distal
Artery  Peroneal Posterior Peroneal Posterior

Arty Tibial Artery Tibial
Artery Artery

Soleus 186 £9 5586+ 465+22 28413 3617 195+0.9
Volume 2.6

(em®)

Mean 1.2+04 124 + 1.6 £03 158+03 1+0.18 1+£0.17
Diameter 0.25

(mm)

Mean 34 £0.7 33 £03 3.8 £081 426+ 2.99 £ 3+£03
Pedicle 0.52 0.15

length

(cm)

Mean 35+12 207+ 3.07 £1 4 +£0.67 43 + 435 +
Number 0.73 0.89 0.84

of Pedicles
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Popliteal Artery

Figure 74: Soleus in 3D
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Foot Muscle:

The small muscles of the foot are described as local flaps for coverage of pressure ulcers
and small defects of the foot. The arterial anatomy of the foot was first described by
Dubreuil-Chambardel. *** Thorough knowledge of pedicles length and diameters of
muscles of the feet will increase the potential application of these small muscles by

allowing free transfer for both coverage and function.
Extensor Digitorum Brevis:

This muscle is supplied by proximal and distal branches of lateral tarsal artery (LTA); a
direct branch of the dorsalis pedis (Figures 75, 76). The mean volume of EDB supplied
by the proximal branch was 3.5 cm’ + 0.4, and the mean volume supplied by the distal
branch was 1.88 cm’ + 0.26. The mean diameter of the proximal branch was 0.7 mm +
0.3, and the diameter of the distal branch was 0.4 mm + 0.1. The mean pedicle length of
the proximal branch was 4.5 cm + 0.8, and the mean pedicle length of the distal branch

was 2.2 cm £ 0.2 (Table 30).
Flexor digitorum Brevis:

The flexor digitorum brevis (FDB) receives its blood supply from the Lateral plantar
artery (LPA) proximally, the medial plantar artery (MPA) and fifth dorsal metatarsal
artery distally (Figure 76). The mean volume of FDB supplied by the major branch of the
lateral plantar artery was 4 cm’ + 0.9, and the mean volume supplied by the minor branch
of lateral plantar artery was 2 cm’ + 0.4. The mean volume supplied by the distal

branches of the medial plantar artery was 0.6 cm’ + 0.2. The mean diameter of the major
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branch of the lateral plantar artery was 0.8 mm + 0.2, and the mean diameter of the minor
branch of the lateral plantar artery was 0.7 mm + 0.1. The mean diameter of the minor

branches of the medial plantar artery was 0.5 mm + 0.2 (Table 30)
Abductor Digit Minimi:

Abductor digiti minim (ABDM) muscle receives its blood supply by a major branch from
the lateral plantar artery (LPA), and multiple minor segmental branches of the lateral
plantar artery distally (Figure 76). The mean volume of ABDM supplied by the major
branch of LPA was 5.8 cm’ + 0.9, and the mean volume of ABDM supplied by the minor
branches from LPA was 3.8 cm® £ 0.6. The mean diameter of the major branch of LPA
was 0.4 mm = 0.1, and the mean diameter of the minor branches of LPA was 0.3 mm =+

0.08 (Table 30).
Abductor Hallucis:

Abductor halluces (ABH) receive its blood supply chiefly from the medial plantar artery
(MPA). The proximal branch is the major blood supply and the distal branches provide
the minor blood supply to the ABH (Figure 76). The mean volume of ABH supplied by
the major branch of MPA was 10.1 cm’® + 2.4, and the mean volume of ABH supplied by
the minor branches of MPA was 4.3 cm® + 1. The mean diameter of the major branch of
MPA was 0.8 mm =+ 0.2, and the mean diameter of the minor branches of MPA was 0.4

mm + 0.05 (Table 30).
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Figure 75: Extensor Digitorum Brevis

A. Three-dimensional rendering of the foot. B. Skin of the dorsum of the foot rendered
transparent and the dorsalis pedis outlined in red. C. Extensor digitorum brevis (EDB) with its
vascular pedicles, * is the take off point of dorsalis pedis artery, 1 and 2 are the proximal and
distal branches of lateral tarsal artery to EDB. D. The muscle rendered transparent to view the
intramuscular course of the vascular pedicles.
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Figure 76: Foot 3D Angiogram
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Chapter 5.0 Conclusion

Skeletal muscles are transferred with the intention of soft tissue coverage, as well as
providing volume to obliterate dead space, and to provide motor function at the recipient site. The

suitability of 20 skeletal muscles for distant free transfer was studied using a novel 3D technique.

In functional transfer knowledge of muscle volume is crucial. For example the use of a
free functioning muscle for facial reanimation requires a muscle with a small volume and long
neurovascular pedicle. Segmenting muscles for functional transfer has not gained momentum due
to shortage of anatomical information regarding muscle volume, lengths and diameters. The
application of segmental muscle transfer serves the purpose of preserving donor muscle function,

as well as to provide adequate and custom tailored muscle that suits needs of the recipient site.

The total number of pedicles studied using this technique was 2017; the longest pedicle
measured was the thoracodorsal artery measuring 12.8 cm as well as the largest diameter at 3.6
mm. The technique provided important details with regards to smaller muscles and vessels, the
smallest vascular pedicle in diameter was of the fifth dorsal metatarsal artery at 0.25 mm, and
shortest pedicle was from the medial plantar artery distally to the flexor digitorum brevis and

measured 3.4 millimeters.

The strengths of our study stems from its educational value, clinical relevance and
potential role for refining surgical procedures. In education it is said that a picture is worth a
thousand words, we believe that our 3D models bring additional value to the learning process.

The fact the anatomical planes can be explored and viewed from virtually any angle, allows for
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precise viewing of complex anatomical relationships and fast access to knowledge which in the
past could only be learned from anatomical atlases. The difficulty with learning from anatomical
atlases is that many diagrams are hand drawn and sometimes fail to reflect the real nature of the
anatomy, on the contrast our 3D models are 100% reflection of anatomical findings in cadavers.
Our experience with the models created in this project has been very rewarding with the division
of plastic surgery at Dalhousie University. During our grand rounds, seminars and research
meetings the value of these models was demonstrated to educate residents and medical students
in areas of surgical anatomy of flaps, craniofacial, hand and lower extremity procedures. In
Figure 77 we show a free bone flap elevated in three dimensions to explain to our residents and

students the anatomical basis of such procedure.

The detailed anatomy offered by this technique can also provide explanation to certain
adverse outcomes in surgery. For example; in craniofacial surgery and specifically
craniosynostosis the separation of the temporalis muscle from the periosteum of the cranium is
part of the surgical approach. Craniofacial surgeons always have complained of temporalis
atrophy following such procedure despite the protection of the main pedicles feeding the muscle
and the protection of the nerve supply. Our three dimensional model have shown clearly the
vascular relationship of the bone to the middle temporal artery via the perforating myo-osseus
branch of the middle meningeal artery (Figure 48, 49). The striping of the muscle in that area
away from the bone damages that communication and could explain the atrophy of temporalis

muscle seen with this procedure.
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Anatony of DCIA Flap

Figure 77: Anatomy of DCIA Bone Flap

DCIA = Deep circumflex iliac artery
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The latissimus dorsi muscle can be used as a turnover flap to cover midline defects of the
back. The blood supply is based on the thoracolumbar perforators. In our three dimensional
studies we clearly demonstrate the dominance of the posterior intercostal perforators over the
thoracolumbar perforators (Figure 56, 57). This when taken into consideration can help surgeons
design their turnover flap with minimal injury to the medial row of the posterior intercostal

perforators.

In hand surgery, thumb replantation is a great procedure and understanding the
vascularity of the thenar muscle can help surgeons replant and anastomose the vascular pedicle to
the thenar muscle. This is not common practice due to the feeling that these muscles vascular
anatomy is not clear and that future opponensplasty procedure can substitute for thenar muscle
function. We believe that revascularizing thenar muscles with vascular pedicles > 0.5mm with
nowadays advanced microsurgical technique is possible (Table 23), and could have some clinical
implications in terms of return of function and strength of the replanted thumb. Currently there
are no clinical studies to prove this theoretical claim, but with the data we provide, and with
knowledge that the procedure could be executed by hand surgeons, future studies can be
preformed to assess whether an impact on thumb function can be seen with repair of thenar

muscles.

The weakness of most anatomical studies lies in the sample number, the quality of the
vasculature, and the quality of the injection technique. Our study is no exception, our sample
number is low, but we believe that this weakness can be improved by extending the principles

founded in this project to future projects. The quality of vessels injected is a factor of cadaver
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age, the presence of some degree of peripheral vascular disease, and premortal surgical
procedures. Our mean age was 70 years old, this entailed a certain level of peripheral vascular
disease (PVD) that weakened our anatomical findings despite our stringent criteria of excluding
any cadaver exhibiting signs of PVD or having any documented past medical history related to

PVD; such as myocardial infarction (MI), arterial ulcers, and strokes.

The injection technique has always been a major concern with most anatomical studies.
Mathes and Nahai used barium sulphate which has a great safety profile but produces obscure
images of the anatomy compared to the lead oxide technique. *”*"** We also admit that the
toxicity of lead oxide makes it a less favorable agent, which can only be used in cadavers. The
problem with lead oxide’s toxicity necessitates the need for a substitute agent that can produce

similar quality angiograms with a higher safety profile.

In conclusion, we present results that show significant potential for transfer of smaller
muscles based on smaller diameter and shorter pedicles. This hopefully will help microsurgeons

target more muscles in the human body for potential harvest of all available donor muscles.
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