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Abstract 

 

In plastic surgery, flap reconstruction has been utilised to repair defects in every part 

of the body, in an effort to restore form and function to patients. The basis of every 

flap is its blood supply, therefore this series of studies investigates the vascular 

territory of named arteries, veins and even perforators, utilizing computer tomography 

(CT) and TeraRecon software. The latter two is technology which allows appreciation 

of vascular flow in 3D and 4D (dynamic studies), whereas previous studies of 

vascularity has only been static and in 2D. Vascular anatomy studies were performed 

using fresh cadavers. Perforator flaps on the anterior trunk studied were the internal 

mammary artery perforator (IMAP) flap, the transverse rectus abdominis 

musculocutaneous (TRAM) flap, the deep inferior epigastric artery perforator (DIEP) 

flap and the superficial inferior epigastric artery (SIEA) flap. Posterior trunk flaps 

included the posterior intercostal artery perforator flap, the lumbar artery perforator 

flap and the superior gluteal artery perforator (SGAP) flap. In the upper extremity, we 

studied the supraclavicular artery perforator flap. In the lower extremity, we studied 

the gracilis musculocutaneous flap. Trends and characteristics are noted in the 

vascular analyses, and four major principles drawn are discussed in the last chapter. 
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Video Figure Legend  

 

2.1.1 

Injection of an IMAP in ICS 2 shows flow traveling in a transverse direction 

 

2.1.2 

Injection of an IMAP in ICS 3 shows flow traveling in an infero-lateral direction 

 

2.2.1 

Perfusion of right deep inferior epigastric artery (in full width TRAM flap). A 

dominant medial row perforator is demonstrated, as perfusion extends from zone I to 

zone II, then finally zone III. 

 

2.2.2 

Perfusion of left deep inferior epigastric artery (in full width TRAM flap). A 

dominant lateral row perforator is demonstrated, as perfusion extends from zone I to 

zone III, then finally zone II. 

 

2.2.3 

Injection of contrast into a single medial row deep inferior epigastric artery perforator. 

Contrast traveled earlier to zone II, which had a greater area of perfusion compared to 

zone III 
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2.2.4 

Injection of contrast into a single lateral row deep inferior epigastric artery perforator. 

Contrast traveled earlier to zone III, which had a greater area of perfusion compared 

to zone II 

 

2.4.1 

Injection of contrast into a superior gluteal artery perforator perfuses the whole flap 

 

2.4.2 

Lateral view of video 2.4.1. Recurrent flow into the adjacent perforator is 

demonstrated via the subdermal plexus (bottom layer) 

 

3.1 

Injection of contrast into a supraclavicular artery flap 

 

3.2 

Injection of contrast into another supraclavicular flap. Contrast is seen entering and 

filling adjacent perforators‟ vascular territory 
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History 

Manchot, Salmon, Taylor, McCormack and others have been instrumental in 

increasing our knowledge of the vascular anatomy of the skin and deeper tissues (e.g. 

fascia, bone, etc.) of the body
1-8

.
 
Perforator flaps represent the latest descendent in a 

line of evolution that begun with the random-pattern flap. The random pattern flap, 

which by definition lacked an axial arteriovenous system, was constrained by rigorous 

length-to-width ratios to ensure viability. These flaps were used as local and tube 

pedicled flaps, and it was not until Milton in 1970 revealed in the pig model that flaps 

made under similar conditions of blood supply survived to the same length regardless 

of width, and that the only effect of decreasing width is to decrease the chance of a 

pedicle containing a large vessel. The axial pattern flap, coined by 1972 McGregor 

and Jackson in their classic description of the groin flap and first introduced by 

Bakamjian in the description of the deltopectoral flap, represented the next milestone 

in flap development. In was in the 1970‟s that the works of Manchot, which had lain 

untranslated in German since 1889, were discovered, revealing that many axial flaps 

were based on vessels that had already been described by him, as well as the concept 

that each cutaneous artery supplied a discrete skin vascular territory. Manchot had 

completed his work in only six months whilst a medical student, and submitted it for a 

competition arranged by the medical faculty of the University of Strasbourg. 

Musculocutaneous flaps were first described by Ger and by Orticochea in 1972, and 

rapidly became popular due to their reliability and wide arcs of rotation. Descriptions 

of their vascular territories were later provided by McCraw et al, and by Mathes and 

Nahai. In 1981 Pontén reported his series of flaps on the lower leg, noting that 

inclusion of the deep fascia achieved length-to-width ratios in excess of 2.5:1 in an 

area where local skin flaps had previously been unsuitable. The anatomical basis for 
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these flaps was soon described by Haertsch, Barclay et al., and by Cormack and 

Lamberty. In 1980 Taylor set out to reappraise the work of Manchot, and in 1982 

through a communication with Lamberty in 1982 learnt of the works of Salmon which 

had been written in 1936 but which remained untranslated in French. Salmon‟s 

monumental work was a reappraisal of the work of Manchot using radiography. 

Although Salmon had noted that the presence of arterial territories both within the 

skin and muscle, it was in 1987 that Taylor and Palmer published their work on 

defining the vascular territories of source arteries, introducing the concept of 

angiosomes, three-dimensional anatomic territories supplied by a source artery that 

spans between the skin and bone, which has proven invaluable in flap design.  

In 1984 Song et al. had described their clinical experience with the 

„septocutaneous artery flap‟ from the anterolateral, anteromedial, and posterior thigh. 

The perforator flap concept was introduced by Kroll and Rosenfield in 1988 in their 

description new type of flap based on unnamed perforators located near the midline of 

the lower back region for low posterior midline defects. They noted that such flaps 

combined the superior blood supply of the myocutaneous flap with the lack of donor-

site morbidity of a skin flap. The beginning of the perforator flap area was crystalised 

in 1989 when Koshima and Soeda described an inferior epigastric artery skin flap 

without rectus abdominis muscle pedicled on the muscle perforators and the proximal 

inferior deep epigastric artery for the reconstruction of floor of the mouth and groin 

defects. They noted that a large flap without muscle could survive on a single muscle 

perforator, and the perforator flap era had begun.  

Advantages of perforator flaps over musculocutaneous flaps include reduced 

morbidity to the form and function of the donor site by preservation of the underlying 

muscle, often leading to faster recovery, and the ability to tailor the flap to reconstruct 
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exactly the tissues that are missing at the recipient site. Musculocutanoeus flaps tend 

to cause bulkiness at the recipient site and when denervated may atropy at an 

unpredictable rate, leading to poor aesthetic results. A perforator flap may also be 

thinned either as a one- or two-stage procedure allowing contouring of shallow 

defects that is not possible with a musculcutanous flap. There is also freedom of 

orientation of the pedicle, and a longer pedicle than can be achieved with the parent 

musculocutaneous flap. 

The vast majority of anatomical vascular studies in the past have used lead 

oxide injection and two-dimensional radiography to determine vascular territories. 

Although lead oxide treated specimens provide excellent images, limitations of this 

methodology include only allowing 2- dimensional analysis, and gives static images. 

In contrast three and four dimension radiography can provide not only qualitative data 

on vascular anatomy, but information on the direction and path of blood flow through 

the tissue planes of an injected flap. Three dimensional anatomy is defined as an 

appraisal of the perforator vasculature in the sagittal, coronal and transverse views 

whereas four-dimensional anatomy refers to sequential images produced by repeated 

scanning as contrast flows through the flap. This results in a video of simulated flap 

perfusion.  

Although Taylor and Palmer have been instrumental in increasing our 

knowledge of vascular anatomy via the angiosome concept, this theory is based on the 

vascular supply of source arteries
4-6

. In the present era of perforator flaps, interest has 

shifted from the source artery to the perforator itself. A further consideration is to 

determine the dynamic vascular properties of perforator flaps. Whole body static 

imaging (as illustrated in Taylor et al.‟s studies) does not provide an accurate 

description of a single perforator‟s vascular distribution and flow characteristics. In 
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order to truly understand and determine a single perforator‟s vascular territory, this 

perforator must be cannulated and injected. Knowledge of the axiality of blood flow, 

connections with adjacent perforators and contribution to the subdermal plexus and 

fascia are all vital when designing perforator flaps.  

 

Aims and Objectives 

1. To measure the vascular territories of selected vessels (arteries, veins and 

perforators)  

2. To define the anatomical structure of vessels with the use of 3D CT 

angiography 

3. To investigate the perfusion characteristics of selected vessels using 4D CT 

angiography   

4. To define arterial “perforasomes” in the body in order to better guide 

perforator flap design in clinical use.  
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Materials and Methods (General) 

Vascular anatomy studies were performed using fresh cadavers which were acquired 

through the Willed Body Program at the University of Texas Southwestern Medical 

Center. The cadavers were less than a week old and were kept in a cold facility when 

not being utilized for the development of flaps. Several studies would be undwerway 

simultaneously, so multiple flaps were harvested from a single cadaver. 

Dissection of all vessels was performed under loupe magnification.  Injection of a 

dilute methylene blue solution through all the vessels defined their course, and 

allowed identification of any leaking in the periphery of the flap or under surface of 

the flap.  

Perforator flaps on the anterior trunk studied were the internal mammary artery 

perforator (IMAP) flap, the transverse rectus abdominis musculocutaneous (TRAM) 

flap, the deep inferior epigastric artery perforator (DIEP) flap and the superficial 

inferior epigastric artery (SIEA) flap. Posterior trunk flaps included the posterior 

intercostal artery perforator flap, the lumbar artery perforator flap and the superior 

gluteal artery perforator (SGAP) flap. In the upper extremity, we studied the 

supraclavicular artery perforator flap. In the lower extremity, we studied the gracilis 

musculocutaneous flap. 

All surgical landmarks relevant to flap design were marked, and each perforator flap 

was dissected based on the largest perforator originating from its own main source 

pedicle. Following flap dissection, the vessel was cannulated using a 24 gauge 

butterfly catheter (0.7 mm in diameter, BD Insyte, Becton-Dickinson S,A, Madrid 

Spain). Methylene blue solution was infiltrated into the flap to identify vascular leaks 

which were then either coagulated using bipolar or ligated using silk sutures. The use 

of surgical clips was avoided to prevent CT angiography artifact.  
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Dynamic Computer Tomographic Scan Protocol: 4D-CTA 

Four dimensional CTA is similar to 3D-CTA but with the added 4
th

 element of 

time. Flaps were scanned with contrast medium injected simultaneously during a pre-

determined time interval in order to appreciate the characteristics and distribution of 

vascular perfusion. In contrast, 3D CT angiography involves scanning flaps which 

have already been pre-injected and results in a static image only.  

Prior to scanning, each flap was set on individual styrofoam trays and secured 

with sutures at key points at the periphery, to maintain their shape and orientation as 

the flap is scanned at 30° from vertical. To minimize scanning slices needed for each 

flap the CT gantry is tilted at 30° and the flaps on their styrofoam trays are set on a 

custom-built platform that „presents‟ the flap at 30° to the CT scanner (as opposed to 

laying it flat on the table, which would require many more helical scans). The flaps 

were also placed skin downward to avoid pressure on the pedicle and to minimize the 

risk of increased resistance during vascular imaging and perfusion. Iodinated contrast 

(Isovue
R
, Bracco Diagnostics) was heated to 37°C (to reduce viscosity) prior to 

filling a syringe. The volumes of contrast medium required for flap imaging range 

from 2 ml to 5 ml, depending on flap size.  

Single vessel/perforator injections were carried out with a Harvard precision 

pump (PHD 2000, Harvard Apparatus, Inc.) running at 0.5ml/minute, and the flap 

subjected to dynamic CT scanning using a GE Lightspeed sixteen slice scanner 

(General Electric, Milwaukee, WI) set to perform 0.625 mm slices using a 0.5 second 

rotation time. Each scan was set to 80 kVp and current ran at 300 mA. Scans were 

repeated at 0.125ml increments (every 15 seconds) for the first 1 ml, then at 0.5ml 

increments (every 60 seconds) for the next 2-4 ml, thus giving us progressive CT 

images over time
9-12

.  
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Static Computer Tomographic Scan Protocol: 3D-CTA 

A barium-gelatin mixture was prepared by warming 100ml of normal saline to 40°C, 

and adding 3g of gelatin while stirring continuously. This was followed by slowly 

adding 40g of barium sulphate
13

. This solution is then injected into the investigated 

perforator artery using the Harvard precision pump running at 1 ml/min until the 

vascular tree is saturated (previously repaired leaks will start to leak and have to be 

re-cauterized or ligated). The flaps were then frozen for at least 24 hours prior to CT 

scanning.  

Powerful visualization tools are needed to take full advantage of the high-

resolution multi-phase volumetric datasets. We used the AquariusNET server and thin 

client application (TeraRecon, Inc, San Mateo, CA) which manages up to 28,000 CT 

slices simultaneously and allowed viewing of three- and four-dimensional images. 

The volume rendering function allowed us to produce clear and accurate images of 

the simulated flaps. Manipulation of static three-dimensional images from different 

angles (with the mouse) enabled us to clearly visualize branching patterns of 

perforators as well as the characteristics of their linking vessels. The dynamic images 

demonstrated the axiality or preferential direction of flow. Certain functions such as 

measurement of area allowed us to compare marked out areas of flap perfusions. 

 

 

 

 

 

 

 

 

 

 

 



 23 

 

 

 

CHAPTER 2 

 

 

 

 

Trunk 

 

 

 

 

 

 

 

 

 



 24 

2.1 CHEST: Internal Mammary Artery Perforator (IMAP) Flap 

Introduction 

 Although free tissue transfer methods have been added to the head and neck 

reconstruction armamentarium, local or regional flaps are still widely used as there is  

good tissue match in terms of color, texture and thickness, and they can present 

relatively rapid options in otherwise compromised patients. These include the 

deltopectoral, pectoralis major, trapezius and latissimus dorsi flaps. The deltopectoral 

flap was once the workhorse for head and neck reconstruction
14, 15

, although its use 

was limited by a high rate of flap necrosis
16, 17

, the need for skin grafting of the donor 

site, and the dog-ear created by its pedicle.  The pectoralis major flap tends to be 

bulky and can result in a poor cosmetic outcome for both donor and recipient sites.  

 Since the description of the perforator flap concept by Koshima, new types of 

perforator flaps have been described for neck reconstruction including the 

supraclavicular flap
18, 19

 and the internal mammary artery perforator (IMAP) flap. The 

IMAP flap has been reported in the reconstruction of  tracheostomas
20

 and the anterior 

neck
21, 22

. It replaces the deltopectoral flap in its indications while avoiding the 

disadvantages of this flap.  

 Previous anatomical studies of the internal mammary artery perforators have 

reported the number, location and sizes of the IMAPs
21, 23-25

. Ink injection studies 

have been carried out either on the internal mammary artery
24

 or the perforators 

themselves
21

. These reflect the cutaneous territory of the perforators, but are unable to 

demonstrate the characteristics of the vessels within the tissue, or the communication 

either between adjacent perforators or between an IMAP and another artery such as 

the lateral thoracic artery. 
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Although Yu
20

 and Vesely et al
21

 speculated that there communications 

existed between the perforators in differing intercostals spaces, this has never been 

proven. In this study, we employed innovative three- and four-dimensional CT 

angiographic methods to precisely visualize the arterial and venous vascular anatomy 

of each perforator as well as the "axiality" of their perfusion.  

 

Materials and Methods 

Eleven hemichest adipo-cutaneous flaps were harvested from six fresh adult 

cadavers. One cadaver was male, and the rest were female. One hemichest was 

excluded from  this study as there was an implanted cardiac device placed in the 

subcutaneous tissue close to the midline in the second and third rib area. We were 

unable to elevate the pectoral fascia whole with the flaps, as the thin fascia was found 

to be quite adherent to the underlying muscle. As such, all our flaps were dissected in 

a suprafascial plane. The margins of the adipo-cutaneous flap were the inferior border 

of the clavicle, midline of the chest, costal margin and mid-axillary line (Figure 

2.1.1).  

Specimen dissection was performed under loupe magnification, in a plane 

superficial to the thin pectoral fascia. We recorded the distance of each IMAP from 

the sternal edge, the number of perforators per hemichest and measured their external 

diameter. The perforator arteries/veins were individually cannulated with a 24 gauge 

catheter.  
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Figure 2.1.1 Adipo-cutaneous flap of the chest is delineated by the inferior border of 

the clavicle, midline of the chest, costal margin, and mid-axillary line. Both pictures 

show the same flap, where the IMAP in intercostal space (ICS) 1 is injected with 

contrast on the left (3D CT scan), and methylene blue dye on the right (photograph- 

scalpel shows the level of the IMAP injected). 

 

 

 

 

 

 

 

 

 



 27 

Results 

 Eleven hemichest flaps were raised from six fresh cadavers. We were unable 

to elevate the pectoral fascia whole with the flaps, as the thin fascia was found to be 

quite adherent to the underlying muscle.  

Each hemichest flap had one to three IMAP perforators, most commonly in 

intercostals spaces (ICS) 1, 2 and 3. We found that the number of perforators tended 

to be symmetrical, but not necessarily their locations (e.g. cadaver 2, where there 

were three perforators on both sides, but on the left side, the perforators were in 

intercostals spaces 1, 2 and 3, whereas on the right side, the perforators were located 

in intercostals spaces 2, 3 and 4). A total of twenty-six IMAPs were dissected, and 

nineteen of the perforator arteries as well as six perforator veins were injected with 

contrast for analysis of vascular territory (Table 2.1.1).  

The mean perforator diameter for IMAPs in ICS-1 was 1.50mm (range 1.0-

2.2mm), ICS 2 was 1.83mm (range 1.3-2.4mm) and ICS-3 was 1.47mm (range 1.3-

1.7mm). The mean horizontal and vertical dimensions of the vascular territories are 

recorded in Table 2.1.2 using the measuring tool on the TeraRecon software. 
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Table 2.1.1 

Internal mammary artery perforators identified - recorded intercostals space (ICS) and distance from sternal edge 

 Cadaver 
 1  2  3  4  5  6 

Hemichest L R L R L R L R L R L R 

ICS† (mm 

from sternal 
edge) 

1 (7)* 1 (0) 1 (10) 2 (0)* 2 (5)* 2 (10)* n/a 
1 

(15)* 
2 

(9.3)* 
1 (0) 

1 

(6.7)* 
1 (0)* 

  

    2 (0) 3 (26)* 6 (25) 6 (0)*   
3 

(55)* 
3 (0)* 3 (32) 

2 

(5.2)* 
2(0)* 

  

    3 (37) 4 (0) 7 (0)     
5 

(12) 
    3 (0) 3 (0) 

 

†ICS = Intercostal space 

* Communicates with lateral thoracic artery 
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Table 2.1.2 

Characteristics of internal mammary artery perforators and their vascular territories according to location (intercostal space) 

IMAP in intercostal space 1 2 3 6 7 

Number of perforators 

injected 
6 6 5 1 1 

Mean horizontal length of 

vascular territory (mm) 
183 198 164 229* 163 

Mean vertical length of 

vascular territory (mm) 
221 271 219 288* 172 

Mean diameter of 

perforator (mm) 
1.5 1.83 1.47 1.3 0.8 

Mean distance from 

sternal edge (mm) 
5.5 4.2 21 0 0 

 

*Lateral thoracic artery forms a „bridge‟ between perforators‟ territory, hence enlarging vascular territory of IMAP in ICS 6 
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Perforator arteries (arterial perforasomes) 

Injection of single internal mammary perforators demonstrated large vascular 

territories (Table 2.1.3). Internal mammary artery perforators in ICS-1 perfused to the 

level of the clavicle and lateral mammary fold (LMF) in all cases and to the level of 

the xiphisternum one-third of the time. Internal mammary artery perforators in ICS-2 

had a territory reaching the clavicle and xiphisternum in four out of six cases, and the 

LMF in all cases (Figure 2.1.2). Internal mammary artery perforators in ICS-3 only 

reached the clavicle in 40%, the xiphisternum in 60% and the LMF in 80% of cases. 

The IMAP in ICS-6 was found to perfused a large territory, as the lateral thoracic 

artery acted as a „bridge‟ between its territory and that of the IMAP in ICS-2, thus 

giving it an even larger territory than any other IMAP (Figure 2.1.8 and Table 2.1.2). 

It did not reach the level of the clavicle, but did extend to the level of the 

xiphisternum and the LMF. The IMAP in ICS-7 had a territory reaching the 

xiphisternum, but not to the LMF or clavicle. 

In our series, all of the IMAPs injected (18 out of 19) almost always perfused 

the nipple-areolar complex (NAC) including those in ICS-6 and ICS-7. The one 

IMAP that did not perfuse the NAC originated from ICS 1. 
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Table 2.1.3 

Vascular territories of IMAPs according to their intercostals level  

Extends 

to 

Level of 

clavicle 

Level of 

xiphisternum 
NAC*

 
Lateral 

mammary fold 

Lat Thor 

comm
† 

ICS 1 

(n=6) 

6/6 2/6 5/6 6/6 3/6 

ICS 2 

(n=6) 

4/6 4/6 6/6 6/6 5/6 

ICS 3 

(n=5) 

2/5 3/5 5/5 4/5 3/5 

ICS 6 

(n=1) 

0/1 1/1 1/1 1/1 1/1 

ICS 7 

(n=1) 

0/1 1/1 1/1 0/1 0/1 

 

* NAC= Nipple areolar complex 

† Communicates with the lateral thoracic artery 
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Figure 2.1.2 3D CT scan of a flap where the IMAP in ICS 2 was injected with 

contrast. The vascular territory is found to encompass the nipple (stapled), and 

extends to the levels of the xiphisternum, clavicle and lateral mammary fold. Linking 

vessels are shown to communicate with perforators of the thoracoacromial and 

lateral thoracic artery. Yellow arrow shows direction of flow.  
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Linking vessels 

The phenomenon of linking vessels between adjacent IMAP(s) as well as 

linking vessels between the IMAP(s) and the lateral thoracic artery could explain why 

a single perforator can vascularize an adipo-cutaneous flap which is extensive in both 

its superior-inferior and medial-lateral dimensions. The linking vessels between 

adjacent IMAPs can be proximal to the pedicle of the flap (Figure 2.1.3) or distal 

(Figure 2.1.4). We have also found linking vessels between IMAPs and branches of 

the lateral thoracic artery (Figure 2.1.3, 2.1.7 and 2.1.8). 

These communicating vessels were located at the subdermal level - indirect 

linking vessels, which we define as those that have to go through the subdermal 

plexus and reach the adjacent perforator through recurrent flow (Figure 2.1.5), or 

direct linking vessels which we determine to be midway between the dermis and the 

pectoral fascia (Figure 2.1.6).  
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          Figure 2.1.3 3D CT scan of a flap where the IMAP in ICS 3 was injected with 

            contrast. Linking vessels are found between adjacent IMAPs, located crania to 

            the pedicle of the flap. Yellow arrows show direction of flow. 
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Figure 2.1.4 3D CT scan of a flap where the IMAP in ICS 3 was injected with  

 contrast. Linking vessels are found between adjacent IMAPs, located distal to  

the pedicle of the flap. Yellow arrows show direction of flow.  
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Figure 2.1.5 3D CT scan of a flap where the IMAP in ICS 2 was injected with contrast. Left: AP view of flap. Right: Oblique-transverse view of 

flap, corresponding to line A. Indirect linking vessels between the IMAP and the lateral thoracic artery are found at the subdermal level. Yellow 

arrows show direction of flow.  
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Figure 2.1.6 3D CT scan of a flap where the IMAP in ICS 3 was injected with contrast. Left: AP view of flap. Right: Sagittal view of flap, 

corresponding to line A. Direct linking vessels between adjacent perforators (IMAPs in ICS 2 and 3) are located midway between the dermis 

and the pectoral fascia. 
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Relationship with the lateral thoracic artery 

 Internal mammary artery perforators were found to communicate with the 

lateral thoracic artery in twelve of our flaps. Linking vessels between the IMAPs and 

the lateral thoracic artery are located at and around the nipple-areolar complex (Figure 

2.1.7). These were also found to be at two levels, the subdermal level (Figure 2.1.5) 

and midway between the dermis and pectoral fascia (Figure 2.1.7). In a few cases, the 

lateral thoracic artery was found to „bridge‟ the vascular territories of IMAPs (Figure 

2.1.8) thus enlarging the vascular territory of each IMAP even more. 
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Figure 2.1.7 3D CT scan of a flap where the IMAP in ICS 1 was injected with contrast. Left:  AP view of flap. Linking vessels between the 

IMAPs and the lateral thoracic artery are located around the nipple (stapled). Right: Oblique-transverse view of flap, corresponding to line A. 

Direct linking vessels between the IMAP and the lateral thoracic artery are found midway between dermis and pectoral fascia. Yellow arrow 

shows direction of flow.  
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Figure 2.1.8 3D CT scan of a flap where the IMAP in ICS 6 was injected with 

contrast. The lateral thoracic artery was found to ‘bridge’ the vascular territories of 

IMAPs in ICS 6 and ICS 2, thus further enlarging both perforasomes.  
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Perforator veins (venous perforasomes) 

 Six perforator veins in our series were injected. When a perforator vein was 

injected, the vascular territory it encompassed was similar to that of its accompanying 

perforator artery but could be larger than the artery‟s territory (Figures 2.1.9 and 

2.1.10). Also, the perforator veins were found to communicate with the lateral 

thoracic vein in all six cases. The venous system was found to be mostly at the 

subdermal level (Figure 2.1.10). 

  

Axiality of flow 

 When the superior IMAPs were injected (ICS 1-2), the linking vessels were 

found to be orientated in a transverse fashion (Figure 2.1.9). However, when the 

inferior IMAPs (ICS 3-7) were injected, the orientation of the linking vessels took a 

more infero-lateral orientation (Figure 2.1.8). From the four dimensional CT 

angiography performed, we elucidated that the axiality of blood flow of the IMAP 

flap was lateral if  an IMAP in ICS 1 or 2 were used, and infero-lateral if an IMAP in 

ICS 3 and below were used (Videos 2.1.1-2.1.2). 
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Figure 2.1.9 3D CT scan of a flap where the IMAP (artery) in ICS 2 was injected with 

contrast. Yellow arrows show direction of flow.  
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Figure 2.1.10 3D CT scan of the same flap in 10a where the corresponding vein in ICS 2 was injected with contrast. Left: AP view of flap. The 

venous vascular territory was found to be similar to that of the accompanying perforator artery but may be larger than the artery’s territory. 

Communication with the lateral thoracic vein was found in all six cases. Right: Transverse view of flap, corresponding to line A. The venous 

system is found to be mostly at the subdermal level. Yellow arrow shows direction of flow.  
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Discussion 

This technique enables clear visualization of the whole vascular tree in a three-

dimensional manner (e.g. lateral view demonstrates branching patterns of vessels re. 

Figures 2.1.5 – 2.1.7, 2.1.10). This allows us to analyze the direct relationship of these 

vessels with respect to different levels of the skin, specifically the dermis. The four-

dimensional aspect demonstrates the dynamic study of flow in the vascular territory. 

This shows us which part of the flap is perfused first, and which part of the skin 

receives the greatest blood flow. 

The IMAP flap has demonstrated reliability, versatility, freedom of arc of 

rotation (Figure 2.1.11), neck coverage with skin of similar texture and pigmentation 

with sensory innervation, as well as a primary closure of the donor site 
20-22

. Strategies 

to increase its arc of rotation have included division of the fibers of pectoralis major 

cephalad to the pedicle
20

, and excision of a portion of the costal cartilage of the 

second rib
21

. Bilateral IMAP flaps can be used to reconstruct a large central defect of 

the neck
21

 and pre-expansion can also be used to maximize IMAP flap size and 

coverage surface.
18 

This study focuses on the arterial and venous vascular territory of single 

perforators, (which we have termed arterial and venous perforasomes), coming off the 

internal mammary artery, which constitute the medial vascular supply of the anterior 

chest/ breast (Figure 2.1.12). Marcus
26

 and Palmer
24

 found that the internal mammary 

artery was dominant over the lateral thoracic artery with regards to vascularity of the 

breast in 68-74% of their cases. The largest and most frequently found IMAP has 

been reported to be in the second or third intercostals spaces 
24, 25

.  

The phenomenon of linking vessels between adjacent perforators/arteries is an 

important finding. This explains how perfusion extends to the vascular territory of 
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nearby perforators, and how perfusion is maintained all the way to the distal periphery 

of the flap. In effect, one perforator can increase its own vascular territory by 

„sharing‟ the territory of another perforator, and vice versa, if the flap were to be 

based on the other perforator. This also demonstrates collateral flow in the pectoral 

region, and hence the ability to minimize devastating effects of any ischaemic insult. 

 The lateral thoracic artery was prominent in many of our flaps. Linking 

vessels between the lateral thoracic artery and the IMAPs allows it to serve as a 

„bridge‟ in the lateral thoracic area. Hence, theoretically, if a large flap is needed it 

may be wise to include the lateral thoracic artery to ensure perfusion to the distal 

edges.  

The level at which these linking vessels were found (subdermal and between 

dermis and fascia) indicates that an IMAP flap can be raised on a level superficial to 

the pectoral fascia safely. As the venous system was also found to be at a superficial 

level, problems with flap congestion will likely be minimized if elevation of the flap 

occurred at this recommended level. Thinning of the flap should not go beyond 

halfway through the thickness of the flap.  

Based on the axiality of perfusion of the IMAPs, the orientation of the flap 

should be transverse if based on IMAPs in ICS 1-2, and transverse or diagonal in the 

infero-lateral direction if based on ICS 3 and below. 
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Figure 2.1.11 Left: Arc of rotation of IMAP flap, based perforator in ICS 2. Flaps may reach 

the neck and even down to xiphoid level. Right: Perforasome of the IMAP in ICS 2. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.12 Vascular territories/ Perforasomes of IMAPs in the 1
st
, 2

nd
 and 3rd intercostals 

spaces. 
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Conclusion 

With 3D, 4D CT angiographic techniques, we have elucidated the arterial and 

venous perforasomes of the internal mammary artery perforators with respect to their 

intercostals spaces, the level of their linking vessels, and the relationship between the 

IMAP and lateral thoracic artery. We have demonstrated the dimensions of the IMAP 

flap, and recommended the safe level of flap dissection/thinning and orientation of the 

skin paddle. The flaps raised may be able to reconstruct areas between the neck and 

down to the xiphoid level (Fig 2.1.11) 

 This contributes to our knowledge of the IMAP flap, which remains an 

important option in reconstruction of the head and neck region. 
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2.2 ABDOMEN: Transverse Rectus Abdominis Musculocutaneous 

(TRAM), Pedicled TRAM, Muscle-sparing TRAM, Deep Inferior 

Epigastric Artery Perforator (DIEP) and Superficial Inferior 

Epigastric Artery (SIEA) Flaps 

 

Abdominal Study I 

A Comparison of the Commonly Used Abdominal Flaps in Breast 

Reconstruction - Transverse Rectus Abdominis Musculocutaneous (TRAM), 

Pedicled TRAM, Muscle-sparing TRAM, Deep Inferior Epigastric Artery 

Perforator (DIEP) and Superficial Inferior Epigastric Artery (SIEA) Flaps 

 

Introduction 

  The use of abdominal tissue for autologous breast reconstruction has been 

long and widely practiced. It is an ideal source, as most patients who develop breast 

cancer are at an age when they also have excessive abdominal fat and skin. 

Autologous breast reconstruction has many advantages over implant reconstruction 

including reduced risks of infection, capsular contracture, and a more natural and 

aesthetically pleasing breast. 

 Holstrom first described the free transverse rectus abdominis myocutaneous 

(TRAM) flap in 1979 for breast reconstruction
27

. In 1982, Hartrampf popularized the 

pedicled TRAM flap, based on the superior epigastric artery
28

. However, the superior 

epigastric artery has been shown to be the secondary blood supply to the tissue of the 

anterior abdominal wall
6, 28-32

. Currently, the inferior, rather than the superior 

epigastric pedicle plays the dominant role in abdominal tissue transfer in autologous 

breast reconstruction.  
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From the free TRAM flap, attempts to minimize donor site morbidity (e.g. 

abdominal bulge and hernia) led to the development of the muscle-sparing TRAM 

flap and deep inferior epigastric perforator (DIEP) flap. Koshima and Soeda described 

the inferior epigastric artery skin flap for reconstruction of the floor of the mouth and 

groin defects
33

, but it was Allen and Treece who first used the DIEP flap for breast 

reconstruction
34

, and this  has now become common practice in many Plastic Surgical 

units. 

 The perfusion of the transverse abdominal flap was studied by Scheflan and 

Dinner
35, 36

, but became better known after Hartrampf published his work on the 

TRAM flap
28

. However, the classic Hartrampf zones II and III were demonstrated by 

Holm et al to be reversed
37

 using fluorescent perfusion techniques. This gave 

significant weight to the suggestion that blood flow from the pedicle travels to the 

ipsilateral side before crossing the midline. 

 In this study, we compare the vascular territories of the pedicled TRAM, full 

width TRAM, muscle-sparing TRAM, DIEP (medial or lateral row perforator) and 

superficial inferior epigastric artery (SIEA) flaps utilizing three and four- dimensional 

CT angiography. The sequential images also allow us to re-appraise the four zones of 

vascularity.  
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Materials and Methods 

Nine transverse abdominal flaps were harvested from fresh adult cadavers 

acquired through the Willed Body Program at the University of Texas Southwestern 

Medical Center, and two specimens were harvested from abdominoplasty procedures 

after informed consent.  

The margins of all the skin paddles were the anterior superior iliac spines, the 

supra-pubic crease, and 2cm superior to the umbilicus. Four cadaveric abdominal 

flaps were studied with respect to two pedicled TRAMs, two full width TRAMs, two 

muscle-sparing TRAMs and two DIEP flaps each. One of these also had an SIEA flap 

studied. Five other cadaver flaps were used to study superficial inferior epigastric 

artery (SIEA) flaps. The abdominoplasty specimens were cannulated and irrigated 

with heparinised saline prior to the perfusion studies. With these tissues, six single-

perforator DIEP flaps were simulated as the three medial row perforators and three 

lateral row perforators were cannulated. In total, forty-three flap perfusions were 

simulated with CT angiography. We studied seven pedicled TRAM flaps (superior 

epigastric artery injected), eight full width TRAM flaps (deep inferior epigastric 

artery injected), four lateral muscle-sparing TRAM flaps (deep inferior epigastric 

artery injected, medial perforators ligated), four medial muscle-sparing TRAM flaps 

(deep inferior epigastric artery injected, lateral perforators ligated), seven medial 

perforator DIEP flaps (medial deep inferior epigastric artery perforator injected), 

seven lateral perforator DIEP flaps (lateral deep inferior epigastric artery perforator 

injected- see Figure 2.2.1) and six SIEA flaps (superficial inferior epigastric artery 

injected). 

  Specimen dissection was performed under loupe magnification. Each 

cadaveric flap was accompanied by full width and full length bilateral rectus muscle. 
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Injection of a dilute methylene blue solution through the artery according to the type 

of flap studied enabled all vascular leaks to be sealed, either through bipolar 

diathermy or suture ligation.  

 In studying the cadaveric specimens, we first simulated the perfusion of the 

pedicled TRAM, where the superior epigastric artery was cannulated and injected 

with contrast medium and subjected to dynamic CT scanning. The process was 

repeated with cannulation of the deep inferior epigastric artery for a full width 

TRAM. For a muscle-sparing TRAM, either the lateral or medial row perforators 

were perfused. The simulation of a DIEP flap was performed by injecting a single 

perforator (either lateral or medial row perforator). For a SIEA flap, the superficial 

epigastric artery was injected. 

In between the sets of perfusion studies, the flap was irrigated with saline to 

remove remnant contrast medium. Previous experimental studies have shown that 

multiple washouts did not affect the diameter or vascular territories of the vessels 

within the flap
9, 12

.  
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Figure 2.2.1 Photograph of cadaveric DIEP flap, where the lateral perforator on the 

right side is cannulated and attached to tubing. The left rectus muscle is still intact, 

whereas the left had been removed.  
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Results 

The perfusion of a total of forty-three flaps was simulated. The area of the 

vascular territory of each individual flap in mm² using the measuring tool on 

TeraRecon and as a percentage of the corresponding skin paddle is tabulated in Table 

2.2.1. The mean areas of the different types of flaps are summarized in Table 2.2.2 

and Graph 2.2. 

The pedicled TRAM flap (Figure 2.2.2) is found to have the smallest vascular 

territory, with a mean of 32.6 ± 13.1% of the skin paddle perfused. Two sample 

difference of means of pedicled TRAM versus full width TRAM gave a p<0.03.  

The full width TRAM (Figure 2.2.3) had a mean of 48.4 ± 12.6% skin paddle 

perfused, which is comparable to the medial row-perfused muscle-sparing TRAM 

(Figure 2.2.4), which had a mean of 45.7 ±5.3% skin paddle perfusion (p<0.70). The 

lateral-row perfused muscle-sparing TRAM (Figure 2.2.5) had a reduced area, with a 

mean of 43.2 ± 7.9% (p<0.47 when compared to full width TRAM).  

The DIEP flap which utilizes the medial row perforator (Figure 2.2.7) has a 

wider area of perfusion with a mean of 44.6 ±11.0% (p<0.55, medial DIEP vs. full 

TRAM) compared to one which is perfused by a lateral row perforator (Figure 2.2.6), 

with a mean of 32.9 ±2.9% (p<0.007 lateral DIEP vs. full TRAM, p<0.02 lateral 

DIEP vs. medial DIEP).  

The SIEA flap (Figure 2.2.8) has a mean of 33.3 ±6.7% area perfused, which 

is comparable to a lateral perforator DIEP flap (p<0.94). Not only do they have a 

similar size of vascular territory, they also have a tendency to stay in one hemi-

abdomen. 
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Vascular flow between zones of perfusion (I-IV) can be explained by the 

linking vessels which communicate between the perforators (Figures 2.2.9-2.2.10) as 

well as recurrent flow via the subdermal plexus (Figures 2.2.11- 2.2.12).  
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            Figure 2.2.2 Pedicled TRAM flap. Left superior epigastric artery injected with   

             contrast. 

 

 

 

 

 

 

 

 

 

 

 

                    Figure 2.2.3 Full width TRAM flap. Left deep inferior epigastric artery   

                    injected with contrast. 
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         Figure 2.2.4 Muscle-sparing TRAM flap (medial row perforators perfused). Left   

          deep inferior epigastric artery injected with contrast after ligation of the lateral    

          row perforators. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         Figure 2.2.5 Muscle-sparing TRAM flap (lateral row perforators perfused). Left   

         deep inferior epigastric artery injected with contrast after ligation of the medial   

         row perforators. 
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                         Figure 2.2.6 DIEP flap (lateral perforator-based). Single lateral row  

                         perforator injected with contrast (yellow arrow). 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                Figure 2.2.7 DIEP flap (medial perforator-based). Single medial  

                                row perforator injected with contrast. 
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Figure 2.2.8 SIEA flap. Right superficial inferior epigastric artery injected with 

contrast. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.9 Lateral view of muscle-sparing TRAM flap. Linking vessels between 

perforator complexes are shown, crossing the midline. Note direction of flow (red 

arrow). 
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Figure 2.2.10 Lateral view of DIEP flap. Linking vessels between perforator 

    complexes are shown, crossing the midline. Note direction of flow (red arrows). 
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Figure 2.2.11 0.25ml of contrast injected into a perforator of a DIEP flap. Note 

direction of flow (red arrow). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.12 0.4ml of contrast injected into the same perforator of the DIEP flap 

above. Linking vessels demonstrate recurrent flow from the subdermal plexus to the 

deeper tissues, before flowing superficially and away from the primary perforator 

(red arrows). 
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Table 2.2.1.  Vascular territory according to flap type 

  

Specimen 

1 
+
 

Specimen 

2 
+
 

Specimen 

3 
+
 

Specimen 

4 
+
 

Specimen 

5 
+
 

Specimen 

6 
+
 

Specimen 

7 
+
 

Specimen 

8 
+
 

Specimen 

9 
+
 

Specimen 

10 *  
  Specimen 

11 * 

Areas of skin 

paddle (mm²) 
34591.4 69071.1 43766.1 34632.1 62578.8 43689.6 46352.5 50969.4 68457.2 44877.5   64408.8 

Pedicled TRAM 
(mm²)/ % of skin 

paddle 

6904.1/ 
20.0 

17753.4/ 
25.7 

23087.1/ 
52.8 

10486.6/ 
30.3 

n/a n/a n/a n/a n/a n/a n/a n/a 

  n/a 
22133.3/ 

32.0 
20929.8/ 

47.8 

6733.3/ 
19.4 

n/a n/a n/a n/a n/a n/a n/a n/a 

Full width TRAM 
(mm²)/ % of skin 

paddle 

12448.5/ 
36.0 

23863.3/ 
34.5 

27324.8/ 
62.4 

18672.0/ 
53.9 

n/a n/a n/a n/a n/a n/a n/a n/a 

  
14448.5/ 

41.8 
24763.4/ 

35.9 
25629.8/ 

58.6 

22088.7/ 
63.8 

n/a n/a n/a n/a n/a n/a n/a n/a 

Lateral muscle-
sparing TRAM 

(mm²)/ % of skin 
paddle 

11542.6/ 
33.4 

28958.6/ 
41.9 19687.1/ 

45.0 

18174.7/ 
52.5 

n/a n/a n/a n/a n/a n/a n/a n/a 

Medial muscle-
sparing TRAM 

(mm²)/ % of skin 
paddle 

14648.4/ 
42.3 

29408.5/ 
42.6 19388.5/ 

44.3 

18523.3/ 
53.5 

n/a n/a n/a n/a n/a n/a n/a n/a 

Lateral perforator 
DIEP (mm²)/ % of 

skin paddle 

11377.3/ 
32.9 

25894.2/ 
37.5 

12585.6/ 
28.8 

10785.9/ 
31.1 

n/a n/a n/a n/a n/a 
16069.6/ 

35.8 
14864.4/ 

33.1 
20248.3/ 

31.4 

Medial perforator 
DIEP (mm²)/ % of 

skin paddle 

11619.4/ 
33.6 

23307.3/ 
33.7 

25426.5/ 
58.0 

15395.9/ 
44.5 

n/a n/a n/a n/a n/a 
27311.4/ 

60.9 
17434.1/ 

38.8 
27281.4/ 

42.4 

SIEA (mm²)/ % of 
skin paddle 

n/a 
18049.1/ 

26.1 
n/a n/a 

15451.1/ 
24.7 

15997.1/ 
36.6 

18782.4/ 
40.5 

16616.9/ 
32.6 

26998.2/ 
39.4 

n/a n/a n/a 

+ Cadaver specimen 

*
Abdominoplasty specimen 
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Table 2.2.2. Summary of vascular territory according to flap type 

 

 

  
Pedicled 
TRAM 

Full width 
TRAM 

Muscle-
sparing TRAM 
(lateral row) 

Muscle-
sparing TRAM 
(medial row) 

DIEP (lateral 
perforator) 

DIEP (medial 
perforator) 

SIEA  

No. of flaps 7 8 4 4 7 7 6 

% of paddle 20 36 33.4 42.3 32.9 33.6 26.1 

  25.7 41.8 41.9 42.6 37.5 33.7 24.7 

  32.0 34.5 52.5 53.5 31.1 44.5 36.6 

  30.3 35.9 45.0 44.3 35.8 60.9 40.5 

  19.4 53.9   33.1 38.8 32.6 

  52.8 63.8   31.4 42.4 39.4 

  47.8 62.4   28.8 58.0   

    58.6           

avg % of 
paddle 
(SD) 

32.6 
(13.1) 

48.4 
(12.6) 

43.2 
(7.9) 

45.7 
(5.3) 

32.9 
(2.9) 

44.6 
(11.0) 

33.3 
(6.7) 
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               Graph 2.2 
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4D CT angiography 

 In full width TRAM flaps (i.e. both medial and lateral row perforators still 

present), we found that vascular perfusion from zone I to zone II (contralateral medial 

zone) or zone III (ipsilateral lateral zone) depends on perforator dominance. If the 

medial row perforator is dominant, then zone I perfuses to zone II earlier and more 

intensely than zone III (Figure 2.2.13, video 2.2.1). If the lateral row perforator is 

dominant, then zone III is perfused before and more so than zone II (Fig. 2.2.14, video 

2.2.2). In muscle-sparing TRAM (n=8) and DIEP flaps (n=14), the perfusion depends 

on whether the perforators are medial or lateral row. In a similar story as above, those 

based on medial row perforators have zone II perfusing earlier and more intensely 

than zone III. If the lateral row perforator is utilised, then zone III is perfused before 

and more so than zone II. 
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Figure 2.2.13 Perfusion of right deep inferior epigastric artery (in full width TRAM flap). 

 (Top) At initial stage, only zone I is perfused. (Middle) Perfusion of right deep inferior 

epigastric artery (in full width TRAM flap). At middle stage, zones I and II are perfused, 

demonstrating a dominant medial row perforator. (Bottom) Perfusion of right deep inferior 

epigastric artery (in full width TRAM flap). At late stage, zones I, II and III are perfused. 
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Figure 2.2.14 Perfusion of left deep inferior epigastric artery (in full width TRAM flap). 

(Top) At initial stage, only zone I is perfused. (Middle) Perfusion of left deep inferior 

epigastric artery (in full width TRAM flap). At middle stage, zones I and III are perfused, 

demonstrating a dominant lateral row perforator. (Bottom) Perfusion of left deep inferior 

epigastric artery (in full width TRAM flap). At late stage, zones I, II and III are perfused. 
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Discussion 

We have found that perfusion studies involving cadaveric tissue underestimate 

the extent of vascular territory in vivo. Even so, this study gives us an idea of how the 

lower abdominal flaps perfuse with respect to the named artery/perforator 

investigated.  

The superior epigastric artery has been acknowledged to be the secondary 

blood supply to the tissue of the anterior abdominal wall
6, 28-32

. Although no 

microsurgery is necessary, it has been suggested that the pedicled TRAM has a rate of 

partial necrosis approaching 25% and fat necrosis rate of up to 27%
38, 39

. 

Comparatively, TRAM, muscle-sparing TRAM and DIEP flaps which utilize the deep 

inferior epigastric artery have failure rates quoted to be 1-4%, and fat necrosis rates of 

4-16%
40-44

. This is supported by the fact that the caliber of the superior epigastric 

artery is considerably smaller than that of the deep inferior epigastric artery, and our 

findings of the vascular territory of a pedicled TRAM being about 60% of the territory 

of a full width TRAM flap.  

The full width TRAM flap and muscle-sparing medial row TRAM flap were 

shown to have comparable areas of perfusion (46-48%). Therefore, we recommend 

the use of the muscle-sparing TRAM flap as opposed to the full width TRAM, to 

reduce the risk of donor site morbidity.  

The DIEP flap based on a medial perforator has a perfusion area of 44.6%, and 

is reduced to 32.9% if based on a lateral perforator, which is a smaller area compared 

to both types of TRAM flaps. Kroll‟s study in 2000 implied that DIEP flaps have a 

less robust blood supply than free TRAM flaps
41

, as he found higher rates of partial 

flap loss and fat necrosis in the former compared to the latter. For TRAM flaps, the 

partial failure rate was 2.2%, and a fat necrosis rate of 12.9%. For DIEP flaps, in 
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selected patients, the partial failure rate was 8.7% and fat necrosis rate was 17.4%. 

Whether the DIEP flaps were based on lateral or medial row perforators was not 

specified, so the author‟s conclusion would concur with our results if most of the 

DIEP flaps were based on lateral row perforators. The DIEP flaps harvested in this 

study were all based on a single perforator. We realize that the DIEP flap‟s vascular 

territory could be potentially increased if two or more perforators were also selected. 

We found that the vascular territory of a DIEP flap based on a lateral row 

perforator was similar to that of the superficial inferior epigastric artery (SIEA) flap, 

in that the vascular territories tend to reside in one hemi-abdomen. Studies have been 

performed  to advocate the use of the lateral branch of the deep inferior epigastric 

artery in DIEP flap harvesting. It is more frequently dominant, and tends to run a 

more rectilinear course, allowing for easier dissection
45, 46

. However, we recommend 

using the medial row perforators if a larger flap (encroaching zones III and IV) is 

needed. Blondeel noted in a clinical series that all flaps with compromised 

vascularisation of zone IV  were perfused by lateral row perforators, and therefore 

advised that the use of medial row perforators is imperative if zone IV is required
47

. 

Therefore, if a large breast reconstruction is required then we recommend harvesting a 

medial row perforator DIEP flap, or a muscle-sparing TRAM flap, to secure a larger 

area of perfusion. If a small volume breast is to be reconstructed, where only a hemi-

abdominal flap is required, then a lateral row perforator DIEP flap or SIEA flap may 

be a better option.  

Holm et al. performed perfusion studies which demonstrated that Hartrampf 

zones II and III should be reversed
37

. They stated that Hartrampf‟s concept was 

erroneous and that “perfusion of the vascular territories across the midline was always 

delayed and less intensive than in the territories on the ipsilateral side”. This elegant 
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study was well carried out, but its bold statement does not always hold true. With 4D 

CT angiography, we found that within a full TRAM flap, perfusion from zone I can 

spread either to zone II or zone III, depending on perforator dominance. In Holm‟s 

study, only 2 out of 15 flaps utilized just the medial row perforators, and 8 used only 

lateral row perforators (the rest had both medial and lateral row perforators). Itoh and 

Arai‟s anatomical study showed that the lateral branch of the deep inferior epigastric 

artery is more frequently dominant compared to the medial branch
45

, therefore, 

Holm‟s results are not surprising.  

Our studies show that if the medial row perforator is dominant within a full 

TRAM flap, zone II is perfused before zone III (Figure 2.2.13, video 2.2.1) and if the 

lateral row perforator is dominant, zone III is perfused before zone II (Figure 2.2.14, 

video 2.2.2). This demonstrates that both Hartrampf and Holm‟s concepts are correct, 

and that no rule is absolute.  

This first study led to our next abdominal study, which was to compare medial 

perforators versus lateral perforators within a DIEP flap. 
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Conclusion 

Vascular territories of commonly used abdominal flaps for breast 

reconstruction in increasing size are: pedicled TRAM flap, lateral row perforator 

DIEP flap, SIEA flap, lateral row muscle-sparing TRAM flap, medial row perforator 

DIEP flap, medial row muscle-sparing TRAM flap and full width TRAM flap (Graph 

2.2). The last three flaps have comparable areas of perfusion, therefore we 

recommend using a muscle-sparing TRAM to decrease the risk of donor site 

morbidity. To ensure perfusion of the distal part (zones III and IV) of a DIEP flap, 

selection of a medial row perforator is recommended. The extension of perfusion 

within a full TRAM flap from zone I to zone II or III will depend on perforator 

dominance. 
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Abdominal Study II 

Comparison of Lateral vs. Medial Perforators of the Deep Inferior Epigastric 

Artery: Vascular Study and Clinical Implications 

 

INTRODUCTION 

 The deep inferior epigastric artery perforator (DIEP) flap has held and 

continues to hold an important role in free autologous tissue breast reconstruction. It 

provides autologous tissue for breast reconstruction without sacrificing the underlying 

rectus muscle with minimal risks of bulge or hernia formation
42, 48

. The literature is 

replete with DIEP series comparing flap results, fat necrosis, and clinical outcomes
41, 

42, 44, 49, 50
. One of the major problems is that not all DIEP flaps are alike, and a proper 

classification system based on zones of perfusion is required in order to make a 

meaningful comparison between the different flaps.  

 The perfusion of the transverse abdominal flap was studied by Scheflan and 

Dinner
35, 36

, but became better known after Hartrampf published his work on the 

TRAM flap
28

. Since then, other authors have provided  detailed anatomical studies of 

the deep inferior epigastric arterial system
29, 31, 51

. In 2006, the classic Hartrampf 

zones II and III were demonstrated by Holm et al to be reversed
37

 using fluorescent 

perfusion techniques. This gave significant weight to the suggestion that blood flow 

from the pedicle travels to the ipsilateral side before crossing the midline. 

 We hypothesize that the zones of perfusion of the DIEP flap differ 

greatly based on whether a lateral row perforator versus a medial row perforator is 

selected. Increased knowledge of the lateral and medial row perforator vascular 

anatomy may have a significant impact on flap design and in turn help decrease flap 

related complications.  We tested this hypothesis using three and four- dimensional 
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CT angiography, which has been previously utilized in other vascular anatomical 

studies
9, 11, 12, 52

. 

 

MATERIALS AND METHODS 

  A total of thirty-six DIEP flaps were simulated for this study. These flaps 

were harvested from eighteen fresh cadavers from the University of Texas Willed 

Body Program. A total of 14 single lateral row perforators versus 22 medial row 

perforators were injected with contrast in order to determine the vascular territory in 

the zones of perfusion. All dissections were performed under loupe magnification, 

and a 23-gauge catheter was used to cannulate all selected perforators (Figure 2.2.18). 

Dilute methylene blue dye was used to inject each perforator to identify vascular 

leakage points, which were subsequently ligated with bipolar cautery or with silk 

suture. The single most dominant perforator was selected in all cases. The dominant 

perforator was determined to be the largest perforator in the DIEP flap, by 

examination of the external diameter of perforators directly upon dissection of the 

rectus muscle.  Flaps were then submitted to static and dynamic CT scan imaging.  

Using the TeraRecon Aquarius workstation, we measured the area of 

perfusion of each flap and the mean vascular territory of medial perforators was 

compared to that of lateral perforator using the Student‟s t-test. The mean percentage 

of zones II and III perfusion between medial and lateral perforators were compared 

using the Kruskal-Wallis test. 
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RESULTS 

The results of our study are summarized in Table 2.2.3. All our simulated DIEP flaps 

are based on single perforators.  

 

 

Table 2.2.3 

 

Medial vs. lateral perforators of a DIEP flap: Comparison of areas of perfusion. 

 

Perforator 

injected 
n = 

Mean 

vascular 

territory/ 

cm² 

Mean area 

of zone II 

perfused/ 

cm² 

Mean % of 

zone II 

perfused 

Mean area 

of zone III 

perfused/ 

cm² 

Mean % 

of zone III 

perfused 

Medial 22 296.4* 93.1 65.8
† 

122.3 43.9
† 

Lateral 14 195.6* 5.2 4.8
† 

95.3 85.2
† 

 

 

* p< 0.008 using Student‟s t-test 

† p < 0.01 using Kruskal-Wallis test 
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Medial Row Perforators 

 Twenty-two medial perforator DIEP flaps were used in this study. The mean 

vascular territory for a medial perforator DIEP flap injected with contrast was 296cm² 

(p<0.008 when compared to vascular territory of lateral perforator). The branches of 

the medial row perforator were seen to be directed both laterally and medially, and 

crossed the midline in all cases. The vascular territories of these flaps were more 

centralized compared to those perfused by a lateral perforator. Large-diameter linking 

vessels were found to connect perforators within the same medial row (Figure 2.2.15). 

The injected medial perforators connected with contralateral medial row perforators 

(across the midline) through the indirect linking vessels via the subdermal plexus 

(Figures 2.2.16 and 2.2.17). Moon and Taylor also noted that crossover of the midline 

is predominantly in the subdermal plexus
31

. Medial row and lateral row perforators 

within the same hemi-abdomen were connected via both direct and indirect linking 

vessels (Figure 2.2.17).  
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Figure 2.2.15 3D CT angiogram of a medial perforator DIEP flap. Left: Antero-posterior (AP) view; Right: Sagittal view of flap, corresponding 

to blue line in AP view. Direct linking vessels connect perforators within the same medial row. X marks a perforator caudal to the injected 

medial one. Yellow arrow shows direction of flow. 
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Figure 2.2.16 3D CT angiogram of a medial perforator DIEP flap, transverse view. Injected medial perforator connected to the contralateral 

medial row perforator through indirect linking vessels via the subdermal plexus. Yellow arrows show direction of flow.  
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Figure 2.2.17 3D CT angiogram of a medial perforator DIEP flap, transverse view.  Medial row and lateral row perforators within the same 

hemi-abdomen were connected via both direct and indirect linking vessels. Contrast traveled across the midline via indirect linking vessels via 

the subdermal plexus. Yellow arrows show direction of flow.  
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Lateral Row Perforators 

 Fourteen lateral perforator DIEP flaps were analyzed. The mean vascular 

territory of a DIEP flap when a lateral row perforator was injected was 196cm².  

Perfusion was found to be more lateralized, and very few of these flaps crossed the 

midline (3 out of 14). Contrast injected into a lateral perforator tended to stay in one 

hemi-abdomen (Figure 2.2.18). Again, large-diameter linking vessels were found to 

connect perforators within the same lateral row perforators, and both direct and 

indirect linking vessels were found to communicate between perforators of the same 

hemi-abdomen (Figure 2.2.19).  

 We found that for both lateral and medial perforators, indirect linking vessels 

(through the subdermal plexus) outnumber direct linking vessels, which implies that 

perfusion occurs mostly at the superficial level of the skin. 
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Figure 2.2.18 (Above:)Photograph of cadaveric DIEP flap where right lateral 

perforator is cannulated and injected with contrast. (Below): 3D CT angiogram of 

flap. Arrow shows the location of lateral row perforator injected with contrast. 

Perfusion tends to stay in one hemi-abdomen. 
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Figure 2.2.19 3D CT angiogram of a lateral perforator DIEP flap, transverse view. Both direct and indirect linking vessels were found to 

communicate between perforators of the same hemi-abdomen. Contrast rarely crossed the midline. Yellow arrows show direction of flow.  
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Zones of Perfusion 

 In a medial perforator DIEP flap, the mean percentage of Hartrampf zone II 

perfused was 65.8% compared to 4.8% for a lateral perforator DIEP flap. For 

Hartrampf zone III, a medial perforator injection had only 43.9% compared to 85.2% 

for a lateral perforator (p< 0.01) (Graph 2.3). Five medial perforator flaps had 

vascular territories encroaching zone IV, whereas none of the lateral perforator flaps 

did. 

 In our 4D CT investigations, we found that flow of contrast for a medial 

perforator DIEP traveled earlier to Hartrampf zone II and had a greater area of 

vascularity compared to Hartrampf zone III (Figure 2.2.20, Video 2.2.3). The lateral 

perforator DIEP flaps had earlier and greater contrast flow into Hartrampf zone III 

compared to Hartrampf zone II (Figure 2.2.21, Video 2.2.4).  

 

Graph 2.3 Comparison of zone II and III perfusion according to perforator (medial 

versus lateral). 
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Figure 2.2.20 4D CT angiogram demonstrating perfusion of a medial perforator 

DIEP flap. Left: Antero-posterior view; Right: Transverse view. Flow of contrast 

traveled earlier to zone II and had a greater area of vascularity, compared to zone 

III. 
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Figure 2.2.21 4D CT angiogram demonstrating perfusion of a lateral perforator 

DIEP flap. Left: Antero-posterior view; Right: Transverse view. There was earlier 

and greater contrast flow into zone III compared to zone II. 
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DISCUSSION 

 This methodology does not pretend to mimic physiological conditions and 

cannot account for aspects such as vasoconstriction and physiological shunting. 

Actual vascularity may be quite different in a physiological situation, where nervous, 

hormonal and local controls of the vessels come into play. This merely gives us a 

means of comparing two different types of perforators using identical experimental 

conditions. 

 We found that anatomical vascular imaging always underestimates the true 

clinical vascular perfusion area (many surgeons will attest to harvesting lateral 

perforator DIEP flaps which were larger than a hemi-abdomen without 

complications). Therefore, larger vascular territories can be anticipated in a clinical 

arena. Medial and lateral row perforators offer distinct and stereotypical zones of 

perfusion that have a significant impact on flap design and harvesting. When 

considering a lateral row-based perforator flap, vascularity was found to rarely cross 

the midline in our anatomical cadaver CT studies. We propose that this was due to a 

higher number of communicating vessels needed to cross the midline, compared to a 

flap based on a medial perforator (Figure 2.2.22). 
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Figure 2.2.22 Illustration of contrast flow in a DIEP flap. Top: Lateral row 

perforator injected. At least 2 sets of linking vessels need to be crossed to reach the 

midline; Bottom: Medial row perforator injected. Less linking vessels are required to 

cross the midline thus contrast flows into zone II more easily, hence a more 

centralized perfusion.  
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 When planning a large breast reconstruction, a medial row perforator or a 

combination of medial and lateral perforators (muscle-sparing TRAM or TRAM flap) 

should be considered. If a single medial row perforator is selected, the vascular 

territory is larger, and more centralized compared to a lateral row perforator-based 

flap. Therefore, both tips of the flap are subjected to a higher risk of ischemia (Figure 

2.2.23). We routinely discard the distal third or half of Hartrampf zone III and half or 

all of zone IV when selecting a medial row single perforator DIEP flap. 

 Lateral row perforators are simple to harvest and when found close to the 

lateral edge of the rectus muscle, they follow a more direct vertical orientation when 

passing through the muscle to the lateral division of the deep inferior epigastric artery 

and vein. Studies have been   performed to advocate the use of the lateral row 

perforators in DIEP flap harvesting. The lateral branch is frequently wider, and tends 

to run a more rectilinear course, allowing for easier and speedier dissection
45, 46

. 

Lateral row perforators used in a hemiabdominal flap have more of a central position, 

and have less risk of partial flap necrosis of the most distal ipsilateral tip of the flap. 

Therefore, hemiabdominal flaps tend to be safely harvested based on  a single lateral 

row perforator (Figure 2.2.24), and this can be used in small to medium breast 

reconstructions. It is also very useful for bilateral breast reconstruction. 

 In Abdominal Study I, we found that the free TRAM flap, which has both 

medial and lateral perforators, had the largest vascular territory amongst the 

commonly used abdominal flaps for breast reconstruction, and perfused Hartrampf 

zones I, II and III
53

.  
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Figure 2.2.23 Illustration of a medial perforator DIEP flap, where perfusion is more 

centralized and has a bigger vascular territory. These are useful for large breast 

reconstructions. 

 

  

 

 

 

 

 

 

 

 

Figure 2.2.24 Illustration of a lateral perforator DIEP flap, where perfusion is more 

lateralized. These are useful for small to moderate-sized, and bilateral breast 

reconstructions. 
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Reappraisal of the Zones of Perfusion 

 Holm et al. performed perfusion studies which demonstrated that Hartrampf 

zones II and III should be reversed. They stated that Hartrampf‟s concept was 

erroneous and that “perfusion of the vascular territories across the midline was always 

delayed and less intensive than in the territories on the ipsilateral side”. This elegant 

study was well carried out, but its bold statement does not always hold true. In 

Holm‟s study, only 2 out of 15 flaps utilized just the medial row perforators, and 8 

used only lateral row perforators (the rest had both medial and lateral row 

perforators). 

 Based on our 3D, 4D CT angiographic studies, contrast flow from a medial 

perforator perfused Hartrampf zone II earlier and more so than Hartrampf zone III. 

The resultant area of vascularity of Hartrampf zone II is greater than in Hartrampf 

zone III. Therefore, flaps based on a single medial row perforator are shown to be 

more centralized, and follow Hartrampf‟s classification of perfusion zones, with zone 

II being the contralateral medial region of a transverse abdominal flap. Zone III is 

ipsilateral to zone I and zone IV is ipsilateral to zone II (Figure 2.2.25). 

 In contrast, perfusion for a lateral perforator DIEP is more lateralized. 

Contrast travelled to Hartrampf zone III earlier and had a greater area of vascularity 

compared to Hartrampf zone II. Therefore, this perfusion pattern follows Holm‟s 

classification, and zones II and III should be in reverse order (Figure 2.2.26). Holm‟s 

zone II corresponds to the area ipsilateral to zone I, and Holm‟s zone III should now 

be the contralateral medial region, in the same hemi-abdomen with zone IV.  
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Figure 2.2.25 Medial perforator DIEP flaps follow Hartrampf zones of perfusion. 

Zone II is on the contralateral hemi-abdomen. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.26 Lateral perforator DIEP flaps follow Holm’s zones of perfusion. Zone 

II is on the ipsilateral hemi-abdomen. 
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 Still, regardless of perforator location, the largest perforator should always be 

selected during a flap harvest. The deep inferior epigastric artery flap has allowed a 

significant decrease in donor site morbidity and can provide an aesthetic breast 

reconstruction which is comparable to all other abdominal donor site flaps. Thorough 

knowledge of the vascular anatomy of medial or lateral-based perforators is crucial 

for safe flap design and harvesting and can help minimize the risks of postoperative 

fat necrosis and partial flap necrosis. In a recent meta-analysis, the risk of fat necrosis 

in DIEP flaps was reported to be twice that of TRAM flaps
54

. This is likely due to 

improper knowledge of the vascular anatomy of lateral versus medial row-based 

perforators. Both of these perforator types will have distinct vascular territories, and 

this should be respected during DIEP flap harvesting in order to avoid such 

complications.  

 Our study demonstrates that the perfusion characteristics of a medial row 

perforator differ significantly from that of a lateral row-based perforator. Therefore, 

each perforator has its own distinct vascular territory, which has been termed a 

„perforasome‟
55

. This may also explain why there are significant differences in the 

literature regarding fat necrosis and DIEP flap complications. Numerous series 

mention their complications by combining both lateral and medial row-based 

perforator DIEP flaps. Therefore, if meaningful comparison is to be made, medial row 

perforator DIEP flaps need to be compared with medial row perforator DIEP flaps, 

and likewise with lateral row perforator DIEP flaps. We acknowledge that a limitation 

of this study is the focus on only single perforator DIEP flaps, as we were 

investigating the vascular territory of single perforators. Clinically, although some 

DIEP flaps are based on 2 or more perforators, many DIEP flaps are based on single 

perforators, so we believe the findings from this study are still valid.  
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 Of course in these modern times, when we require a large abdominal-based 

free flap, we employ techniques such as turbo-charging or use bipedicled flaps.  

 

Conclusion  

 DIEP flaps based on medial row perforators will have a different vascular 

territory compared to those based on lateral perforators. Increased knowledge of the 

vascular anatomy and zones of perfusion of both these perforator types will likely 

help decrease flap-related complications such as fat necrosis, and partial flap loss. 

This in general will yield better patient outcome and decreased morbidity in the 

reconstructive process. 
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2.3 BACK: Posterior Intercostal Artery Perforator and Lumbar Artery 

Perforator Flaps 

Nine complete hemiback flaps were harvested to analyze the vascular anatomy 

of the posterior dorsal intercostal artery perforator flap. The margins were the level of 

C7 superiorly, mid-axillary line laterally, mid-back medially and T12 inferiorly.  

The whole lumbar skin (no incision through midline) was harvested from the 

level of T12 to the level of the iliac crest to study the lumbar artery perforators (four 

flaps). The lateral intercostal artery perforator flaps (six flaps) were analyzed using 

the same technique.  

 Perforators in both thoracic (posterior intercostal artery perforators) and 

lumbar (lumbar artery perforators) were cannulated and injected with contrast for CT 

scanning and analysis. 

 

Results 

 Linking vessels between adjacent perforators were demonstrated. Injection of 

contrast into one perforator shows communication between adjacent perforators 

(Figures 2.3.1 and 2.3.2). The injection of a single perforator was frequently found to 

perfuse a large area. Perfusion from a perforator between the midline and mid-axillary 

line can perfuse the superior or inferior halves of a hemiback flap (Figure 2.3.3). 

 Linking vessels in the trunk are commonly directed perpendicular to the 

midline and follow an oblique transverse direction, parallel to the cutaneous 

dermatomes (Figure 2.3.4). 
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             Figure 2.3.1 Perforators A, B and C are adjacent posterior intercostal  

             perforators on a hemiback flap. (Left) Injection of Perforator A shows  

             communication with Perforator B. (Middle) Injection of Perforator B  

            demonstrates connection with both Perforators A and C. (Right) Injection of  

            Perforator C shows communication with Perforator B but not Perforator A.  
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Figure 2.3.2 Oblique view of hemiback flap above, demonstrating Perforators A, B 

and C. Note: Cube of orientation in right bottom corner. R=right, H=head, F=foot, 

A=anterior, P=posterior  
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Figure 2.3.3 (Left) A superior posterior intercostal perforator between the midline 

and mid-axillary line perfused the superior half of this hemiback flap. (Right) An 

inferior posterior intercostal perforator between the midline and mid-axillary line 

perfused the inferior half of the same flap. 
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Figure 2.3.4 Whole lumbar skin from T12 level to posterior superior iliac spine 

(PSIS). Lumbar perforator injected with contrast, and was found to perfuse across the 

midline, as well as ipsilaterally in a transverse direction. Yellow arrows show 

direction of flow. 
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2.4 GLUTEAL REGION: Superior Gluteal Artery Perforator (SGAP) Flap 

For the gluteal region, four SGAP skin flaps were harvested. On a line 

connecting the greater trochanter with the posterior superior iliac spine, the 

perforators were located in the area of the medial to middle third. Centered around 

this region, an elliptical skin paddle was harvested, with the tips at the midline and the 

iliac crest. The skin island measures approximately 8 to 12 cm width and 25 to 30 cm 

length. The largest perforator for each flap was cannulated and subsequently subjected 

to CT scanning. 

 

Results 

 Two of the SGAP flaps demonstrated good perfusion of the whole flap 

(Figures 2.4.1). However, the other two SGAP flaps were harvested from a cadaver 

with a sacral pressure sore, and showed no perfusion in the region encompassed by 

the sore (Figures 2.4.2 and 2.4.3). 4D CT angiography demonstrated perfusion 

travelling bi-directionally, i.e. medially and laterally (Video 2.4.1)  

 Lateral views show linking vessels within the subdermal plexus connecting 

adjacent perforators (Figure 2.4.4, Video 2.4.2) 
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Figure 2.4.1 Superior gluteal artery perforator (SGAP) flap showing good perfusion. 
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                         Figures 2.4.2 and 2.4.3 SGAP flaps from a cadaver with a sacral pressure sore. Note the lack of perfusion in the midline 
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          Figure 2.4.4 Lateral view of flap in  Figure 2.4.1. Indirect linking vessels  

           within the subdermal plexus connect adjacent perforators. Yellow arrows show  

            direction of flow.  
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Discussion 

As we shift towards increased use of single perforator based flap 

reconstructions, knowledge of individual perforator vascular anatomy supercedes that 

of source artery vascular anatomy. Each perforator has its own vascular territory 

called a perforasome which carries a multi-directional flow pattern which is highly 

variable and complex. These perforasomes are linked to one another by linking 

vessels. These numerous vascular connections confer further protection from 

ischaemia and vascular injury in the case of trauma. In the back, the orientation of 

linking vessels appears to be transverse, thus skin paddle orientation should also be 

transverse. These linking vessels make it possible to harvest large perforator flaps 

based on a single perforator. We believe that when a perforator flap is harvested all 

muscle and cutaneous branches from the source artery are ligated which results in 

hyperperfusion of the selected perforator. Increased vascular filling pressures 

clinically dilate the perforator itself and allow extensive inter-perforator flow via 

opening and recruitment of additional linking vessels. These linking vessels, both 

direct and indirect, are subject to higher than normal filling pressures and are able to 

capture additional adjacent perforator vascular territories (perforasomes). 
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CONCLUSION 

Each perforator holds a unique vascular territory (perforasome). Every 

perforator has a potential to become either a pedicle or free perforator flap depending 

on the size of the source artery. As a result, this allows a myriad of perforator flap 

designs which can be tailored to better reconstruct defects. The reconstructive surgeon 

now has more options in replacing like with like. Local flap alternatives become more 

plentiful and flap design is limited only by the availability of clinically relevant 

perforators close to the defect for pedicle perforator flaps. Free-style perforator flap 

options are only limited by the size and length of their respective source artery and 

vein. 
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3.1 Supraclavicular Artery Island (SAI) Flap 

 

Introduction 

      Oropharyngeal oncologic  resections often results in complex wounds requiring 

the use of local, regional,  or free tissue transfer to return form and function.  

Microvascular free tissue transfer revolutionized reconstructive surgery in the head 

and neck by providing more flap options to reliably replace tissue defects with 

minimal donor site morbidity.  However they require technical expertise as well as an 

increased operative time.  Local flaps often are not of adequate size and regional flaps 

are bulky and associated with increased donor site morbidity.  

In 1949, the first clinical application of a flap from the shoulder (“Charretera” 

or acromial flap) was performed by Kazanjian and Converse.
56

 Charretera, in Spanish, 

means the shoulder area where honors are bestowed on military personnel.  In 1979, 

the first anatomical studies were performed by Mathes and Vasconez who described 

the vascular territory and clinical applications for  head and neck reconstruction
57

.  

The flap was renamed the cervicohumeral flap.  In 1983, Lamberty and Cormack 

named a vessel cephalad to the clavicular insertion of the trapezius muscle the 

supraclavicular artery
58

 (Figure 3.1.1). Since its use, the flap has been controversial 

because of the reported incidence of distal flap necrosis (Luce)
59

. Beginning in the 

1990‟s, Pallua et al “rediscovered” this flap and popularized its use by performing 

detailed anatomical studies examining the vascularity of what is known today as the 

supraclavicular island flap
18, 19, 60

.   Although the supraclavicular artery island (SAI) 

flap has been shown to be a versatile regional flap for head and neck reconstruction, 

the vascular anatomy is still poorly understood.  In this study, the vascular anatomy of 

this flap is examined using computed tomographic (CT) angiography which to date 

has not been performed. 
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                Figure 3.1.1. CT angiogram of patient demonstrating the supraclavicular  

                 artery branching from the  thyrocervical trunk. 
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Materials and Methods 

Ten supraclavicular flaps were harvested from fresh adult cadavers acquired 

through the Willed Body Program at the University of Texas Southwestern Medical 

Center. The adipo-cutaneous paddle was incised over the proximal half of the lateral 

upper arm (overlying the deltoid muscle) and shoulder joint, with the proximal 

portion of the flap extending to the area superior to the lateral third of the clavicle. 

The supraclavicular artery which perfuses the flap was dissected out in the proximal 

portion of the flap. It was usually found to be superior to the lateral third of the 

clavicle. 

Specimen dissection was performed under loupe magnification. Injection of a 

dilute methylene blue solution through the supraclavicular artery enabled all vascular 

leaks to be sealed, either through bipolar diathermy or suture ligation. 

 

Results 

The SAI flaps were found to have a mean length of 24.2cm and mean width of 

8.7cm. The mean area measured 152.8cm². Mean diameter of the supraclavicular 

artery was 1.33mm. It was found 3.6 ± 0.8cm above the clavicle and 8.6 ± 0.3cm from 

the sternoclavicular junction. The supraclavicular artery was found to perfuse the 

whole skin paddle in nine flaps (Figures 3.1.2 and 3.1.3). One of the flaps was 

perfused only 50% (Figure 3.1.4). In this case the pedicle artery was found to be much 

smaller than the other flap pedicles (0.7mm).  
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3.1.2 and 3.1.3 3D CT angiograms of supraclavicular flaps (AP view). Both 

demonstrate almost 100% flap perfusion. 
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Figure 3.1.4 3D CT angiogram of a supraclavicular flap, AP view. This flap was 

perfused only 50% upon contrast injection. 
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Direct linking vessels as well as recurrent flow via the subdermal plexus were 

found to convey the flow of contrast between adjacent perforators (Figure 3.1.5, 3.1.6 

and 3.1.7). This allows the capture of adjacent areas through an inter-perforator flow 

mechanism. This explains how perfusion is maintained all the way to the distal 

periphery of the flap. 

Perfusion follows the axiality of linking vessels, and these linking vessels 

follow the axiality of the limb. This is demonstrated in 4D (Videos 3.1.1 and 3.1.2). 

We have found that perfusion studies involving cadaveric tissue underestimate 

the extent of vascular territory in vivo. Therefore, clinically, the flap could possibly be 

extended to beyond the margins of the deltoid muscle in most cases.  
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Figure 3.1.5 Lateral view of supraclavicular flap. Communication between adjacent perforators demonstrated through recurrent flow 

via subdermal plexus. Yellow arrow shows the direction of flow. 
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Figure 3.1.6 Lateral view of supraclavicular flap demonstrating direct linking vessels between perforators. Yellow arrow shows the 

direction of flow. 
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Figure 3.1.7 Linking vessels are found to communicate between adjacent perforators. 
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Discussion 

The supraclavicular artery is a branch of the transverse cervical artery.  Less 

frequently, the supraclavicular artery may arise from the suprascapular artery which 

may be smaller. The arterial vessel averages 1.0 to 1.5 mm in diameter and is 

constantly joined by one or two major concomitant veins.  Lamberty
61

 found this 

vessel constantly in 30 fresh cadavers examined as the superficial branch of the 

superficial transverse cervical artery - later named the supraclavicular artery. 

An elegant anatomical dissection study was performed by Abe et al
62

. They 

showed that the supraclavicular artery mean diameter varied from 1.1-1.5mm, pedicle 

length ranged from 1-7 cm, and was present 80% of the time (N=55).  Two-thirds of 

the vessels were found not to have crossed the clavicle. The venous drainage is 

usually via the accompanying transverse cervical vein.   

Pallua et al
19

 studied the supraclavicular artery in 19 cadavers. In all 

specimens they found the supraclavicular artery to arise 3-4 cm from the origin of the 

transverse cervical artery. Examination of the skin landmarks revealed that the artery 

exited 3.0 ± 0.7 cm above the clavicle at a distance of 8.2 ± 1.7 cm from the 

sternoclavicular joint and approximately 2.1 ± 0.9 cm dorsal to the 

sternocleidomastoid muscle. The mean diameter of the artery was 0.15 ± 0.034 cm. 

They used India ink to demonstrate which skin region is supplied by the 

supraclavicular artery. In all cases, the vascular territory extended from the 

supraclavicular region to the shoulder cap. They noted that the distal part of the 

angiosome is on the ventral surface of the deltoid muscle. The area of this angiosome 

ranged from 10 cm in width and 22 cm in length to 16 x 30 cm.  

Three- and four-dimensional CT angiography have been used to investigate 

the anatomy and perfusion of various other flaps in the axial, coronal, and sagittal 
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views in cadaveric flaps
9, 11, 12

.  No studies to date have evaluated the vascular 

anatomy of this flap using CT angiography.  Our results show that with an adequately 

sized supraclavicular artery, the entire flap is based on its flow.  We have also shown 

the distal part of the flap is dependent on inter-perforator flow from direct linking 

vessels and recurrent flow via the subdermal plexus.  

The phenomenon of recurrent flow through the subdermal plexus was first 

noted by Moon and Taylor in the transverse abdominal adipocutaneous paddle 

perfused by the deep superior epigastric artery
31

, and was seen by Alkureishi et al. in 

their study of the arterial anatomy of the anterolateral thigh flap in specimens 

following diaphanization
63

. Saint-Cyr‟s study on the anterolateral thigh perforator flap 

is the first study in which it has been demonstrated dynamically, and it appears to be 

an important mechanism of flap perfusion
12

. This supports the perforasome theory, 

where the perforasome is defined as the vascular territory of a single perforator and 

perfusion of a flap is conveyed through these methods of inter-perforator 

communications
55

. 

A weakness of this study is the use of cadaveric flaps.  From prior cadaveric 

perfusion studies we know that the vascular territory is most likely underestimated.  

However, the dynamic three-dimensional imaging method used in this study more 

closely models in vivo effects than has been achievable previously.  The margins of 

the flap could likely be extended to beyond that of the deltoid muscle. The 4D CT 

angiograms demonstrating the injection of the supraclavicular artery (Videos 3.1.1 

and 3.1.2) showed the direction of flow as away from the trunk (proximal to distal), 

highlighted by the orientation of the larger vessels. The density of the capillaries filled 

with contrast was interpreted as areas of optimal perfusion, and were more frequently 

found in the proximal regions of the flaps. 
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Recently, Ma et al
64

, investigated a pectorally extended supraclavicular flap. 

Microangiograms of their flap showed that there were extensive anastomoses with 

perforators of the thoracoacromial artery and the second and third perforators of the 

internal thoracic arteries.  Their vascular territory flap extended to  a width of 18 cm 

and a length of 20 cm.  

The supraclavicular artery island flap has been successfully used for difficult 

facial reconstruction cases providing acceptable results without using microsurgical 

techniques.  Its utility has been demonstrated in reconstructing a variety of head and 

neck oncologic defects which normally require traditional regional or free flaps.  In 

our study we are able to provide a better understanding of the vascularisation of this 

flap. 
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4.1 Transverse Musculocutaneous Gracilis (TMG) Flap 

Introduction 

 There are currently multiple options for breast reconstruction. Possible 

autologous tissue transfers include latissimus dorsi (LD), transverse rectus abdominal 

myocutaneous (TRAM)
28

, deep inferior epigastric perforator (DIEP)
34, 65

, superficial 

inferior epigastric artery (SIEA)
66

, superior gluteal artery perforator (SGAP)
67, 68

, 

inferior gluteal artery perforator (IGAP)
68, 69

 and lumbar artery perforator flaps
70

. The 

transverse myocutaneous gracilis (TMG) flap has gained popularity, especially in 

Europe, because of its many advantages
71, 72

. These include a reliable vascular 

anatomy, a faster and simpler dissection compared to other flaps, no need for patient 

repositioning, minimal donor function loss and since the transverse orientation of the 

flap was described
73

, a discrete scar which also helps to lift the medial thigh. 

 However, major disadvantages of the gracilis flap include the lower flap 

volume compared to abdominal- and gluteal-based flaps, and reported unreliability of 

the more caudal regions of the skin paddle if a vertically-orientated flap were 

harvested. Traditionally, the gracilis flap has only been used to reconstruct small to 

moderate-sized breasts. Modifications to increase this have included harvesting the 

flap from a more posterior location, to recruit the bulkier posterior thigh tissue
74-76

. In 

addition, Fattah et al have also taken to undermining the skin and recruiting the 

superficial fat of the thigh distal to the inferior border of the transverse skin paddle. 

Peek et al described the vertically-orientated extended gracilis perforator flap (which 

precludes the gracilis muscle) which is made possible by preserving the intramuscular 

connection between the major and minor pedicles, thus recruiting the neighbouring 

angiosome of the minor pedicle
77

. Vega et al have included a vertical portion to form 

an L-shaped flap in their bid for a larger gracilis flap
78

. The heaviest flaps have been 
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reported to be 420 to 576g
76, 79

. Volumes of 180 to 550cc have been recorded by 

Schoeller
75

. The largest skin paddles were 30 x 10cm
75, 79

. Even with these 

maneuvers, surgeons still occasionally have to resort to „doubling up‟ bilateral TMG 

flaps for one breast to make up sufficient volume
75, 76

.  

 Our study utilizes three-dimensional CT angiography, barium-gelatin solution 

and anatomical dissection to ascertain the vascular territory of the major pedicle of the 

gracilis muscle. This will tell us if extension beyond the traditional margins of the 

TMG flap is possible to  increase its volume. 

 

Methods and Materials 

Ten circumferential thigh adipo-cutaneous flaps attached to the gracilis muscle 

were harvested from fresh adult cadavers acquired through the Willed Body Program 

at the University of Texas Southwestern Medical Center. An incision was made in the 

mid-lateral thigh, and the flap was harvested from lateral to medial (for both anterior 

and posterior). The margins of the adipo-cutaneous flap are the midlateral thigh, groin 

crease, gluteal crease and superior patella. Specimen dissection was performed under 

loupe magnification. The minor pedicle of the gracilis was ligated. Parameters 

recorded during dissection included diameter of major and minor vascular pedicles, 

length of pedicles, distance of pedicles from pubis and number and locations of 

cutaneous perforators. Thigh width was defined as the length between the mid-lateral 

and mid-medial lines of each thigh. 

The major pedicles were cannulated and injected with a dilute methylene blue 

solution to enable all vascular leaks to be sealed, either through bipolar diathermy or 

suture ligation. After we were satisfied with the repair of leaks, the major pedicle was 

then injected with contrast and subjected to 3D CT scanning.  
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Comparison of vascularity extension from mid-medial thigh anteriorly and 

posteriorly was calculated using the paired student‟s t-test on Microsoft Excel. 

 

Weight and Volume 

After CT scanning, the flaps were incised to include only tissue that was 

perfused with contrast. This was done firstly by viewing the images and measuring 

the extent of the vascular territory from the major pedicle, and then whilst making 

incisions, looking out for the white barium-gelatin contrast still in the tissue 

vasculature (contrast is solidified after freezing). This „perfused‟ tissue was then 

measured for weight and volume. 
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Results 

 The mean muscle length was 35.4cm. The mean muscle widths at the major 

and minor pedicles were 5.4cm and 2.7cm respectively. The recorded measurements 

of the major and minor pedicles are summarized in Table 4.1.  

 

Table 4.1 

Measurements of the major and minor pedicles of the gracilis muscle 

 

 

 

 Major pedicle Minor pedicle 

n= 10 10 

Distance from pubis/ 

cm 

SD (range) 

8.57 

0.76 (7.6-9.8) 

23.32 

1.11 (21.8-26.0) 

Mean length of pedicle/ 

cm 

SD (range) 

6.69 

0.48 (6.0-7.4) 

4.09 

0.78 (3.3-5.3) 

Mean arterial diameter/ 

mm 

SD (range) 

2.24 

0.32 (2.0-2.8) 

1.55 

0.33 (0.9-1.9) 

Mean venous diameter/ 

mm 

SD (range) 

2.33 

0.29 (2.0-2.8) 

1.83 

0.12 (1.7-2.0) 
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The minor pedicle of the gracilis was found to have a common arterial input with a 

large pedicle of the sartorius in all cases (Figure 4.1.1). 

 

 

 

 

 

Figure 4.1.1 Photograph of cadaveric anterior thigh tissue, including sartorius 

and gracilis muscles. The minor pedicle of the gracilis was found to have a 

common arterial input with a large pedicle of the sartorius in all cases. 
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 A total of 43 perforators were dissected, with median of 4 cutaneous 

perforators per flap, range 3-8 (Table 4.2).  

 

 

 

 

Table 4.2 

Perforators dissected (MC=musculocutaneous, SC=septocutaneous) 

Flap 
No. of 

perforators 
MC SC 

1 8 4 4 

2 3 3 0 

3 4 4 0 

4 3 1 2 

5 3 2 1 

6 4 3 1 

7 6 4 2 

8 3 3 0 

9 5 3 2 

10 4 3 1 

Total 43 30 13 
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The mean external diameter of the perforators was 0.61mm. Locations of the 

perforators that are 0.5mm or larger are mapped out in Figure 4.1.2 (n=26).  

 The majority of the musculocutaneous perforators 0.5mm or larger were found 

at 14-45% of the relative length of the gracilis muscle (0 is origin of muscle from 

pubic tubercle) and 7-38mm from the anterior border of the gracilis. The 

septocutaneous perforators were found anterior to the gracilis muscle (0 on the y-axis 

of Figure 2) and were located at 24-74% of the relative length of the gracilis muscle. 

 Tissue perfused with contrast had a mean weight of 573g (range 313-812g) 

and volume of 617ml (range 330-850ml). 
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Figure 4.1.2 Location of gracilis perforators that are 0.5mm or larger (n=26). X-axis refers to distance from pubis, as a relative length of 

the gracilis. Y-axis refers to the distance from the anterior border of the gracilis muscle (perforators located at 0 are septocutaneous).
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3D CT Angiography 

 3D images from contrast injection of the major gracilis pedicle showed a 

cutaneous vascular territory that extended more posteriorly than anteriorly (Figures 

4.1.3 to 4.1.6). The extent of cutaneous perfusion on the posterior thigh was found to be a 

mean of 65% of the thigh width. Maximum was 95% of posterior thigh width. In comparison, 

contrast perfusion in the anterior thigh was found to extend to merely 38% of the thigh width, 

p <0.05 (Table 4.3). 

 

Table 4.3 

Extent of cutaneous perfusion based on injection of contrast into major gracilis 

pedicle. 

Flap 
Thigh 

width*/mm 

Extent of 

perfusion
†
 

on posterior 

thigh/mm 

Extent of 

perfusion
†
 

on anterior 

thigh/mm 

Posterior 

perfusion as 

percentage 

of thigh 

width
‡
 

Anterior 

perfusion as 

percentage 

of thigh 

width
‡
 

1 267 167 88 62.8 33.2 

2 215 157 147 72.9 68.2 

3 198 124 60 62.6 30.5 

4 193 96 53 49.9 27.3 

5 215 205 96 95.3 44.7 

6 272 166 100 61.0 36.8 

7 301 131 103 43.5 34.4 

8 287 173 111 60.3 38.7 

9 218 158 82 72.5 37.5 

10 248 170 78 68.6 31.2 

Mean 241.4 154.8 91.8 64.9 38.2 

 

* Thigh width was defined as the length between the mid-lateral and mid-medial lines 

of  

   each thigh. 

† Transversely, medial to lateral direction 

‡  p<0.05, using the paired student‟s t-test 
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Figure 4.1.3 Left: Photograph of cadaveric circumferential thigh tissue, including the gracilis muscle. The margins of the flap are the midlateral 

thigh, groin crease, gluteal crease and superior patella. Right: 3D CTA image of the flap. The red dotted lines depict the margins of the gracilis 

muscle. Contrast injection of the major gracilis pedicle showed a cutaneous vascular territory that extended more posteriorly than anteriorly. 
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Figure 4.1.4 Second example of 3D CTA of circumferential thigh skin. Contrast 

injection of the major gracilis pedicle showed a cutaneous vascular territory that 

extended more posteriorly than anteriorly. 
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Figure 4.1.5 Third example of 3D CTA of circumferential thigh skin. Again, contrast 

injection of the major gracilis pedicle showed a cutaneous vascular territory that 

extended more posteriorly than anteriorly. 
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 Presence of contrast was also more concentrated in the superior half of the 

thigh, and extended inferiorly only in the tissue overlying the distal the gracilis 

muscle (Figure 4.1.6 and 4.1.7). Contrast perfusion was also frequently found in the 

vascular territory of the sartorius muscle (Figure 4.1.8).  

 

 

 

 

 

Figure 4.1.6 3D CTA of circumferential thigh skin, with removal of gracilis muscle. 

This demonstrates the vascularity of the adipo-cutaneous tissue above the muscle.  
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                                           Figure 4.1.7 Lateral view of 3D CTA of thigh skin, with overlying gracilis muscle. Note the numerous perforators  

                                           running from the muscle to the dermis, especially in the superior region.  
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             Figure 4.1.8 3D CTA of circumferential thigh skin, with contrast injection  

             into the major pedicle of the gracilis muscle. Contrast perfusion was  

             sometimes found in the vascular territory of the sartorius muscle. 
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Discussion 

Our study could be considered as an investigation of the angiosome of the 

medial circumflex femoral branch providing the pedicle to the gracilis muscle. We 

have found that in our perfusion studies involving cadaveric tissue, they always 

underestimate the true extent of perfusion in vivo
9-12, 53, 80

.  

The TMG flap was originally designed to be centered over the major pedicle
71-

73
. However, since then, other authors have reported placing the flap more 

posteriorly
75, 76

. Reasons cited were to minimize visible scarring anteriorly and the 

possibility of harvesting a greater volume of adipose tissue. Schoeller et al. introduced 

the Siamese flap combining the TMG and infragluteal flaps
81

 for extra-large 

reconstructions. Intra-operatively, they noted that even after the division of the 

infragluteal pedicle, this extra-large flap was still bleeding at the wound edges. This is 

not surprising in light of the results of our study, where the cutaneous vascular 

territory of the major pedicle of the gracilis was found to be concentrated in the 

supero-posterior region of the thigh. Yousif et al. showed that vascularity of the TMG 

flap is orientated transversely, and branches of perforators travelled more than 5cm 

beyond the posterior margin of the gracilis muscle
73

. Our 3D CT results which 

demonstrate that posterior thigh perfusion extends up to a mean of 65% of thigh 

width. This is advantageous, as not only is the posterior thigh tissue better 

vascularized than the anterior, but it is also thicker and can give greater flap bulk.  

Perfusion was also found to extend downward, in the area overlying the distal 

gracilis muscle. Peek et al demonstrated this too, in their extended gracilis perforator 

flaps, by maintaining the intramuscular anastomosis between the major and minor 

pedicles thus recruiting the angiosome of the minor pedicle
77

. These inter-pedicle 
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connections were preserved in all our specimens as whole gracilis muscles were 

harvested with the flaps. Surgeons can take advantage of the inferior perfusion by 

adding a vertical component to their extended TMG flaps, either by recruiting the 

inferior subcutaneous fat (from undermining the skin inferior to the lower incision) or 

by taking the skin as well, resulting in a modified „fleur-de-lys‟ skin paddle. The latter 

method gives a tri-lobed flap, and this allows harvest of even more volume for the 

flap. We encourage using a beveling technique when dissecting the edges between the 

horizontal and vertical limbs (resulting in less of a T-shape and more of a triangle 

when viewing the underside of the flap. This gives it a larger base compared to the 

skin paddle side). This aids in avoiding resection of the linking vessels between the 

horizontal and vertical limbs thus ensuring survival of the flap tips. The tri-lobed 

TMG flap can also result in improved contouring of the medial thigh. Current medial 

thighplasty techniques have incorporated a vertical incision for removal of redundant 

skin
82, 83

. This results in a horizontal pull medially, and allows for both skin and thigh 

circumference reduction. The downside of this, of course, is a more noticeable scar, 

whereas the undermining method maintains a transverse scar only. The functional loss 

of the gracilis muscle would not be different compared to the usual TMG flap, which 

is minimal.  

In the clinical setting, we have classified the different types of extended TMG 

flaps including our proposed modifications (Table 4.4). Type I is the (E-TMG) with 

the horizontal skin paddle, but with increased beveling at time of harvest in order to 

increase bulk, which incorporates a vertical extension of subcutaneous tissue without 

the overlying skin.  And finally type II (vertical component) incorporates both the 

skin and subcutaneous tissue a vertical elliptical shape, an L-shaped a, or finally a 

trilobe shape which yields a large volume (Figure 4.1.9).  The operating surgeon 
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needs to be aware that with increasing aggressiveness of recruitment of subcutaneous 

tissue, there may be a concomitant increase in the risk of donor site and flap related 

complications.  There is also a pure vertically orientated skin paddle design but this is 

used mainly in patients who have extensive horizontal laxity, with minimal vertical 

laxity, which is very rare. Table 4.5 is an algorithm that outlines our approach to 

selection of which method of TMG harvest to utilize based on the patient‟s native 

breast size, and thigh volume as determined by pinching the vertical skin of the upper 

thigh. For patients with excessive vertical skin laxity, a horizontal TMG is chosen. 

Patients who also have excessive horizontal laxity in the upper thigh, a trilobe or L- 

shaped TMG are selected in order to recruit additional volume and help improve 

donor site contour.  
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Table 4.4. Classification of the different types of TMG flaps 

  

Extended 

Transverse Myocutanous 

Gracilis Flap, E-TMG 

(Type I)  

Vertical Component Myocutaneous Gracilis Flap, VcMG 

(Type II)  

Vertical  adipocutaneous 

 

Transverse + Vertical 

adipocutaneous extension 

 

Trilobed adipocutaneous  

 

Flap design 

    

Patient 

selection 

Virtually all patients   

older than 35 years old 

- Should be considered the first 

option 

Patients with small breasts and 

minimal upper thigh laxity, precluding 

the use of the transverse incision. 

Patients with moderate/large sized 

breasts and significant skin 

redundancy.   

- would also benefit from 

circumferential thigh lift 

 

Patients with moderate to large 

sized breasts and moderate upper 

thigh laxity 

- Vertical extension  

Large sized breasts and excessive 

thigh skin redundancy 

E.g. massive weight loss patients 

- Benefit from circumferential thigh 

lift 

Advantages - Moderate flap volume 

- Inconspicuous scar  

 

- Less risk to lymphatics damage 

- Large flap volume 

- Less risk to lymphatics damage 

- Largest flap volume 

- Contour improvement 

(circumferential thigh lift) 

Disadvantages - Limited flap volume 

- Increase undermining 

- Conspicuous scar  

- Small flap volume                        

- Conspicuous scar  

- Increased undermining 

- Conspicuous scar  

- Increased undermining 

- Increased risk of lymphatics 

disruption 

- Wound healing complications 

donor site due to T-shaped incision 
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Table 4.5. Algorithm for TMG type based on the patient‟s native breast size, and thigh volume as determined by pinching the vertical skin of the 

upper thigh. 

( * ) 

Horizontal pinch test 

E-TMG 

      Breast Size 
 

TMG 

 

E-TMG 

(*) Massive weight loss patient 
with excessive horizontal laxity 

that would benefit from 
circumferential thigh lift 

Small 
 

 

Large to 
moderate  

 

 

   

 

 

Large to 
moderate 

 

 

Small 
 

Vc-MG 

Breast Size 

< 7 cm ≥ 7cm 

 

E-TMG Vc-MG 

         

Large to 
moderate  
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Figure 4.1.9 Vertical (V) TUG flap after harvest using a trilobe skin paddle design. 

Note that the majority of the flap volume and sub-cutaneous tissue harvest is located 

over the gracilis muscle and posteriorly.  

 

 

 

 

 

 

 



 138 

 

 

Conclusion 

 The dimensions of a transverse musculocutaneous gracilis (TMG) flap can be 

increased, both horizontally (supero-posterior thigh) and vertically. The vertical 

portion can be harvested either by undermining the skin inferior to the lower 

transverse skin incision, or by raising vertically-orientated skin paddle extension, to 

harvest even more tissue from the medial thigh. With these modifications, the TMG 

flap can achieve greater volume and be applied to larger breast reconstructions. 
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An increased knowledge of vascular anatomy has led to innovations in flap 

design and use in the clinical arena. The evolution of random-pattern flaps to 

fasciocutaneous flaps, to myocutaneous flaps, and finally to perforator flaps has 

followed a relentless progression largely thanks to the pioneering vascular anatomy 

studies produced by Manchot, Salmon, Cormack, Lamberty, Taylor, Palmer, Morris, 

Tang and others
1-5, 84

. The information derived from such work has fueled a parallel 

evolution in flap design and clinical applications. The ultimate goal of reconstruction 

is to match optimal tissue replacement with minimal donor site expenditure while 

maintaining function. Perforator flaps meet these goals and are the result of over thirty 

years of flap design refinement.   

Alongside our increasing knowledge of the vascular anatomy of perforator 

flaps, their clinical use has been pioneered by Koshima
33, 85-91

. The perforator flap era 

began in 1989 when Koshima and Soeda first described an inferior epigastric artery 

skin flap with the rectus abdominus muscle for reconstruction of floor of the mouth 

and groin defects
33

. These authors noted that a large skin flap could survive without 

muscle, based on a single perforator. Kroll and Rosenfield also suggested that 

perforator flaps combined the reliable blood supply of myocutaneous flaps without 

deteriorating donor site morbidity
92

. Numerous other authors and pioneers in the field 

of perforator flap surgery have also been instrumental in providing us with further 

clinical experience and expertise in the harvest of perforator flaps. Amongst these 

authors include; Allen, Blondeel, Kroll, Koshima, Angrigiani, Hallock, Neligan, 

Morris, Wei and many, many others
34, 92-97

.  

In essence, any clinically relevant perforator has a potential to be harvested as 

either a pedicle perforator flap or a free flap, depending on the diameter and length of 

the source artery and vein. Doppler ultrasonography has been demonstrated to be an 
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acceptable method to map perforators
98-100

. As a result, any skin paddle based on a 

substantially sized perforator, localized by audible Doppler signal, can be potentially 

harvested. With the substantial number of available perforators in the body, this 

approach certainly increases the surgeon‟s degree of freedom in terms of 

reconstructive options. However, many questions remain, including if a perforator of 

a certain size in different locations of the body would be sufficient to support a flap of 

the same size? For example, clinically, it would seem a that a single perforator 

perfusing a large ALT flap would not be able to support a DIEP flap of the same size 

if that same-sized perforator was used.  

With over 350 perforators in the body, a myriad of options exist for either 

traditional or free-style perforator flaps. The only limiting factors are the length and 

diameter of the source vessels for a free-style free flap, and location of the pivot point 

perforator relative to the defect for pedicle perforator flaps. To further advance the 

evolution of perforator flaps, it is essential to understand the vascular anatomy of an 

individual perforator relative to its vascular territory and flow characteristics. 

Knowledge of the direction as well as the axiality or orientation of flow within the 

tissue is also of prime importance when designing perforator flaps, whether pedicle or 

free.  

Although Taylor and Palmer have been instrumental in increasing our 

knowledge of vascular anatomy via the angiosome concept, this theory is based on the 

vascular supply of source arteries
4-6

. In the dawning of an era of perforator flaps, the 

impetus of vascular knowledge has shifted from the source artery to the perforator 

itself. A further consideration is to determine the dynamic vascularity of perforator 

flaps, compared to whole body static imaging, which does not provide an accurate 

description of a single perforator‟s vascular distribution and flow characteristics. 
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In order to truly understand and determine a single perforator‟s vascular 

territory, this perforator must be cannulated and injected individually. This is 

clinically relevant as many perforator flap designs are based on a single perforator. 

Therefore, knowledge of the axiality of blood flow, connections with adjacent 

perforators, and contribution of the subdermal plexus and fascia are all vital when 

designing perforator flaps.  

In our study, note that most flaps involved perforators which were individually 

cannulated to assess the individual perforator vascular territories which we have 

termed a „perforasome‟ (arterial) (Figure 5.1). 
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Figure 5.1 The perforasome is the vascular territory of a single perforator. 
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Others had the source vessel injected (e.g. radial and deep inferior epigastric 

artery) to study orientation of linking vessels between perforators.  

The vascular territory of perforators was found to be highly complex and 

variable. Nevertheless, some common principles have been reproduced throughout 

our multiple perforator injection studies. When perforators were individually 

cannulated, the flow was multi-directional as can be seen in Figure 5.2. Each 

perforator has its own unique vascular arterial territory which we termed a 

„perforasome‟ (arterial).  

 

 

 

 

 

 

 

 

 

 

 

 

           

 

 

          Figure 5.2 The flow from a perforator is multi-directional. Yellow arrows show  

           direction of flow. 
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First principle: 

Each perforasome is linked with adjacent perforasomes via two main 

mechanisms. These include both direct and indirect linking vessels (Figure 5.3).  

Direct linking vessels are large vessels which communicate directly from one 

perforator to the next and permit capture of adjacent perforasomes through an inter-

perforator flow mechanism. Large filling pressures or perfusion pressures through a 

single perforator can allow for large perforator flap harvests such as the extended 

ALT flap
101

. The linking vessels connect multiple perforasomes to one another 

(Figure 5.4).  

Perforasomes are also linked to one another by indirect linking vessels or 

recurrent flow via the subdermal plexus (Figures 5.5, 5.6). These are similar to the 

choke vessels described by Taylor. In reality, perforators give off oblique and vertical 

branches to the subdermal plexus, and recurrent flow from the subdermal plexus to 

adjacent perforator oblique branches allows capture of an adjacent perforasome via 

this recurrent flow.  

These two patterns of flow are protective mechanisms which ensure vascular 

connections between adjacent perforasomes in the event of a vascular injury. We have 

also found multiple communicating branches which link the direct and indirect 

linking vessels themselves (Figures 5.3, 5.7). These numerous communicating 

branches maintain vascular continuity between both the direct and indirect linking 

vessels in the coronal, sagittal and transverse planes. These communicating branches 

also confer an additional protective mechanism to ensure vascular flow to the skin in 

the event of damage to either direct or indirect linking vessels. 

 

 



 145 

 

 

 

 

 

 

Figure 5.3 Perforators are connected through two mechanisms- direct flow via linking vessels and indirect flow through the subdermal 

plexus. Communicating branches connect the direct and indirect linking vessels. 
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Figure 5.4 Sagittal view of the chest from the midline. Linking vessels connect the internal mammary artery perforators (IMAP) in the 

second and third intercostals spaces (ICS). 
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Figure 5.5 Linking vessels connect multiple perforasomes. 
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            Figure 5.6 Perforators can also be linked to one another by indirect linking vessels or recurrent flow via the subdermal plexus. 
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Figure 5.7 Transverse view of an abdominal flap, where a paraumbilical perforator was injected with contrast. Direct and indirect linking 

vessels are demonstrated 
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Second principle:  

Flap design and skin paddle orientation should be based on the direction of the 

linking vessels which is axial in the extremities and perpendicular to the midline in 

the trunk. 

 

Extremities: 

Vascular axis follows the axiality of the limbs. This is demonstrated in the radial 

artery perforator (Figure 5.8), ulnar artery perforator, anterior tibial artery perforator 

(Figure 5.9), peroneal artery perforator (Figure 5.10), and posterior tibial artery 

perforator flaps. The limbs have source arteries which are most often directed axial to 

the limb themselves. Each axially directed source artery from either the lower or 

upper extremity provides multiple sequential perforators along its course. Linking 

vessels allow perforators from the same source artery to communicate with each other 

as well as with perforators from adjacent source arteries. In order to do this 

effectively, linking vessels have an orientation which is predominantly parallel to axis 

of the limbs (Figures 5.8-5.10).  Perforator flaps should be designed in parallel to the 

axis of the linking vessels of the limbs in order to capture the largest and most reliable 

vascular territory.  
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                  Figure 5.8. Forearm flap where the radial artery was injected with   

                  contrast. Linking vessels follow the axiality of the limb. Yellow arrow     

                  shows direction of flow. 
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                     Figure 5.9 Skin from the anterior lower leg from knee level to ankle  

                     level. Anterior tibial artery perforators and peroneal artery perforators  

                     have linking vessels that follow the axiality of the limb. There are also  

                     linking vessels between the two systems. Yellow arrows show direction of  

                     flow. 
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        Figure 5.10 Skin from the posterior lower leg from knee to ankle level. Peroneal  

         artery perforator injected with contrast. Yellow arrows show direction of flow. 
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Trunk: 

Linking vessels in the trunk are commonly directed perpendicular to the 

midline and follow an oblique transverse direction, parallel to the cutaneous 

dermatomes. This is shown in the supra-clavicular artery perforator (Figure 5.11), 

internal mammary artery perforator (Figure 5.12), paraumbilical perforator (Figure 

5.13), superior epigastric artery perforator (Figure 5.14), posterior intercostal artery 

perforator (Figure 5.15), lumbar artery perforator (Figure 5.16) and superior gluteal 

artery perforator (Figure 5.17). Again, multiple communicating branches between 

linking vessels are found in the anterior and posterior trunk. Perforators that are found 

close to the midline and which follow a vertical row distribution e.g. DIEP and IMAP 

flaps, usually have contralateral perforators which are also close to the midline. 

Perforasome flow is multidirectional and crosses the midline in many cases (e.g. 

DIEP flap), but preferential flow is directed away from the midline towards the lateral 

trunk borders. In instances where multiple perforators are found along a vertical row 

and close to the midline bilaterally (e.g. DIEP, IMAP, LAP etc), flow is directed away 

from the midline in order to provide adequate vascularity to the lateral trunk region 

which has a less dense perforator population. The anterior and posterior midlines of 

the trunk are heavily populated by perforators (e.g. IMAP, SEAP, DIEP, PIAP, LAP, 

SGAP/IGAP) as are the lateral and mid-axial regions (LIAP, TDAP, SCAP etc). Flow 

is therefore preferentially directed laterally away from the midline or midaxial regions 

in order to maintain adequate blood supply to less perforator populated adjacent 

regions.  
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                                 Figure 5.11. Supraclavicular artery perforator injected with contrast. Yellow arrow shows direction of flow. 
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            Figure 5.12 Skin from the anterior trunk (hemichest). Internal mammary  

             artery perforator (IMAP) in second intercostal space (ICS) injected with  

             contrast. Linking vessels are perpendicular to the midline (seen here  

             connecting with the lateral thoracic artery). Yellow arrow shows  

              direction of flow. 
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Figure 5.13 Lower transverse abdominal skin flap. Paraumbilical artery perforator injected with contrast. Linking vessels travel perpendicular 

to the midline. Yellow arrows show direction of flow. 
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Figure 5.14 Extended vertical rectus muscle flap, where the superior skin flap is 

extended to the region below the inframammary fold. The superior epigastric artery 

perforators were found to have linking vessels perpendicular to the midline. Yellow 

arrow shows direction of flow. 
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Figure 5.15 Hemiback flap where a posterior intercostal perforator was injected with 

contrast. Yellow arrow shows direction of flow. 
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Figure 5.16 Whole lumbar skin from T12 level to posterior superior iliac spine 

(PSIS). Lumbar perforator injected with contrast, and was found to perfuse across the 

midline, as well as ipsilaterally in a transverse direction. Yellow arrows show 

direction of flow. 
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                                              Figure 5.17 Superior gluteal artery perforator flap. Yellow arrow shows direction of flow. 
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Because of the multiple communicating branches between linking vessels, 

there is a very large variation in pedicle flap design potential. The ultimate flap design 

depends on the overall vascular territory (perforasome) of the involved perforator. 

Perforators with a very large perforasome will have a higher degree of freedom in flap 

design and orientation, e.g. the IMAP flap which has been harvested horizontally, 

obliquely or vertically 
30-34

.      

 

 

 

 

Third principle:  

Preferential filling of perforasomes occurs within perforators of the same 

source artery first, followed by perforators of other adjacent source arteries. 

An example of this includes the descending branch of the lateral femoral 

circumflex artery (ALT flap); perforator B will vascularize perforator A and C and 

will then capture adjacent vascular territory perforasomes such as the anterior medial 

thigh or superficial femoral artery perforasomes (Figure 5.18). Vascular filling and 

density is maximized in the periphery of the perforasome within the same source 

artery. The linking vessels then emanate from this main perforasome to perforasomes 

of adjacent vascular territories from other source arteries (e.g. antero-medial thigh 

perforators). Single large perforators originating from a source artery that does not 

have a series of sequential perforators along its course (e.g. medial circumflex femoral 

artery) will have less of an axial vascular distribution. 
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Figure 5.18 Preferential filling is demonstrated in this anterolateral thigh (ALT) flap as perforator B and C are perfused before linking with the 

superficial femoral artery (SFA) perforator. 
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Fourth principle: 

Mass vascularity of a perforator found adjacent to an articulation is directed 

away from that same articulation (e.g. distally and proximally based radial artery 

perforator flaps). Whereas perforators found at a midpoint between two articulations 

(e.g. upper extremity, Figure 5.19), or midpoint in the trunk have a multidirectional 

flow distribution.  
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Figure 5.19 Perforators located near a joint flow away from that joint (unidirectional), whereas perforators found midway between two joints 

have a bidirectional flow towards both joints. 
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These numerous vascular connections confer further protection from 

ischaemia and vascular injury in cases of trauma. Linking vessels allow 

communication with adjacent perforasomes and follow a direction which is parallel to 

the direction of perforator flow. Therefore perforator flap skin paddles should be 

parallel to the linking vessel orientation whenever possible. These linking vessels 

make it possible to harvest large perforator flaps based on a single perforator such as 

the extended ALT flap.
99

 When a perforator flap is harvested all muscle and 

cutaneous branches from the source artery are ligated which results in hyperperfusion 

of the selected perforator. Increased vascular filling pressures clinically dilate the 

perforator itself and allow extensive inter-perforator flow via opening and recruitment 

of additional linking vessels. These linking vessels, both direct and indirect, are 

subject to higher than normal filling pressures and are able to capture additional 

adjacent perforator vascular territories (perforasomes).  

 

Perforator flaps designed at a midpoint between two articulations can be 

designed in multiple fashions because of the multidirectional perforator flow 

distribution. Dense fibrous septae and ligamentous attachments can be found 

overlying each major articulation in order to maintain proper skin stability and 

draping during flexion and extension. Also, each articulation forms a boundary for a 

different vascular territory proximal and distal to that same articulation. Both these 

factors might explain why perforators adjacent to an articulation will have flow 

directed away from it. Midline cross-over of perforator flow was found in almost all 

instances in the trunk via direct and indirect linking vessels. Indirect flow via the 

subdermal plexus becomes important when there is a paucity of subcutaneous tissue 
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(less direct linking vessels) and where skin is intimately adherent over bone (e.g. 

sternum, anterior tibia).   

 

 

 

Summary of the 4 principles 

1. Each perforasome is linked with adjacent perforasomes via two main 

mechanisms -direct and indirect linking vessels 

2. Flap design and skin paddle orientation should be based on the direction of the 

linking vessels which is axial in the extremities and perpendicular to the 

midline in the trunk 

3. Preferential filling of perforasomes occurs within perforators of the same 

source artery first, followed by perforators of other adjacent source arteries 

4. Mass vascularity of a perforator found adjacent to an articulation is directed 

away from that same articulation (e.g. distally and proximally based radial 

artery perforator flaps). Whereas perforators found at a midpoint between two 

articulations, or midpoint in the trunk have a multidirectional flow 

distribution.  
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CONCLUSION: 

Each perforator holds a unique vascular territory (perforasome). Perforator 

vascular supply is highly complex and follows some common guidelines. Both direct 

and indirect linking vessels play a critical part in perforator flap perfusion. Every 

perforator has a potential to become either a pedicle or free perforator flap depending 

on the size of the source artery. As a result, this allows a myriad of perforator flap 

designs which can be tailored to better reconstruct defects. The reconstructive surgeon 

now has more options in replacing like with like. Local flap alternatives become more 

plentiful and flap design is limited only by the availability of clinically relevant 

perforators close to the defect for pedicle perforator flaps. Free-style perforator flap 

options are only limited by the size and length of their respective source artery and 

vein.  

Hyperperfusion of a single perforator can capture multiple adjacent 

perforasomes. This explains why large perforator flaps can be harvested based on 

single perforator, e.g. extended ALT flap
102

. Additional adjacent perforasome 

territories can be captured via direct and indirect linking vessels via hyperperfusion.  

This methodology does not pretend to mimic physiological conditions and cannot 

account for aspects such as vasoconstriction and physiological shunting. Actual 

vascularity may be quite different in a physiological situation, where nervous, 

hormonal and local controls of the vessels come into play. This merely gives us a 

means of comparing two different types of perforators using identical experimental 

conditions. 

As mentioned before, we found that anatomical vascular imaging always 

underestimates the true clinical vascular perfusion area. This is one of the limitations 

of our series. This is likely due to the nature of our flaps which are cadaveric and may 
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have small calibre vessels or capillary beds which have collapsed post-mortem, or 

clotted from vascular stasis. We are also missing physiological factors which control 

vasoconstriction and dilation such as carbon dioxide, nitrous oxide, vasomotor tone, 

etc. Furthermore, our method of harvesting the flaps may traumatize the delicate 

branching system and reduce the area contrast is able to infiltrate, hence upon 

scanning, perfusion is less then what it really should be. As such, all our studies 

cannot mimic in-vivo conditions, and can only investigate the architectural structure 

of the vascular system. This way we compare cadaveric flaps against each other or 

compare different regions of the body. This is still useful as it gives us a better idea of 

the perfusion patterns when specific vessels are focused on. 

Further works would include improved methods of harvesting and processing 

flaps to increase the true areas of perfusion. Also if there was a method to keep small 

calibre blood vessels from clotting post mortem or perhaps an infusion of tPA to open 

all the vascular beds would be beneficial to increasing our area of contrast infiltration. 

Our studies did not look at the head and neck region, so this is an area which would 

be a goldmine of perfusion studies if an interested party were to pursue this. Of course 

many other flaps from the non-head and neck region have not been investigated, 

including new flaps such as the profunda artery perforator (PAP) flap and the myriad 

of hand/ finger flaps. Also other works could include turbo- or super-charged flaps, as 

well as one versus multiple perforator DIEP flaps. Perhaps the lymphatic system 

would also be amenable to our method of perfusion studies. 

Clearly this is a technique that is tremendously useful in investigating any 

vessel network as long as meticulous care is taken to harvest tissue without injuring 

the vessels being studied. Three and four dimension computer tomography can 

provide not only qualitative data on vascular anatomy, but information on the 
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direction and path of contrast flow through the tissue planes of an injected flap. Three 

dimensional anatomy is defined as an appraisal of the perforator vasculature in the 

sagittal, coronal and transverse views whereas four-dimensional anatomy refers to 

sequential images produced by repeated scanning as contrast flows through the flap, 

therefore demonstrating contrast flow through time, giving us direction and 

orientation of flow. This modern method gives us much more information compared 

to the lead injection, x-ray method which only gives us limited two-dimension data. 
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                                                                                    Figure 5.20 Perforasomes of the body 
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Background: The internal mammary artery perforator flap has been used in
head and neck reconstruction. Although anatomical and perfusion studies with
ink have been performed previously, the authors now use three- and four-
dimensional computed tomographic angiography to precisely visualize vascular
anatomy of individual perforators (perforasomes) and the axiality of perfusion.
Methods: Eleven hemichest adipocutaneous flaps were dissected from cadavers.
Measurements were recorded, such as the distance of each internal mammary
artery perforator from the sternal edge, diameter of vessels, and number and
location of internal mammary artery perforators per hemichest. Single internal
mammary artery perforator injections with Isovue contrast were carried out, and
the flaps were subjected to dynamic computed tomographic scanning. Static
computed tomographic scanning was also undertaken using a barium-gelatin
mixture. Images were viewed using both General Electric and TeraRecon sys-
tems, allowing the appreciation of vascular territory (three-dimensional), and
analysis of perfusion flow (four-dimensional).
Results: Each hemichest flap had one to three internal mammary artery per-
forators, most commonly in intercostal spaces 1, 2, and 3. Twenty-six internal
mammary artery perforators were dissected, and 19 perforator arteries and six
perforator veins were injected with contrast. The internal mammary artery
perforator in the second intercostal space had the largest mean diameter and
a large vascular territory. Linking vessels, both direct and indirect, communicate
between perforators and can enlarge perforasomes. Linking vessels were also
found between internal mammary artery perforators and the lateral thoracic
artery.
Conclusions: Three- and four-dimensional computed tomographic angiogra-
phy allows detailed analysis of vascular anatomy. Important information such as
internal mammary artery perforator flap dimensions, linking vessels, and axiality
of perfusion is elucidated, thus contributing to a better understanding of per-
forator flaps. (Plast. Reconstr. Surg. 124: 1759, 2009.)

Although free tissue transfer methods have
been added to techniques available for
head and neck reconstruction, local or re-

gional flaps are still widely used, as there is good
tissue match in terms of color, texture, and thick-
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ness. Such options include the deltopectoral, pec-
toralis major, trapezius, and latissimus dorsi flaps.
The deltopectoral flap was once the workhorse
for head and neck reconstruction,1,2 although its
use was limited by a high rate of flap necrosis,3,4

the need for skin grafting of the donor site, and
the dog-ear created by its pedicle. The pectoralis
major flap tends to be bulky and can result in a
poor cosmetic outcome for both donor and re-
cipient sites.

Since the description of the perforator flap
concept by Koshima, new types of perforator flaps
have been described for neck reconstruction, in-
cluding the supraclavicular flap5,6 and the internal

mammary artery perforator flap. The internal
mammary artery perforator flap has been re-
ported in the reconstruction of the tracheostoma7

and anterior neck.8,9 It replaces the deltopectoral
flap in its indications and avoids the disadvantages
of this flap.

Previous anatomical studies of the internal
mammary artery perforators have reported the
number, location, and sizes of the internal mam-
mary artery perforators.8,10–12 Ink injection studies
have been carried out either on the internal mam-
mary artery11 or on the perforators themselves.8
This reflects the cutaneous territory of the perfo-
rators but is not able to demonstrate the charac-

Fig. 1. An adipocutaneous flap of the chest is delineated by the inferior border of the clavicle,
the midline of the chest, the costal margin, and the midaxillary line. Both images show the
same flap, where the internal mammary artery perforator (IMAP) in intercostal space (ICS) 1 is
injected with contrast in a three-dimensional computed tomographic scan (left) and meth-
ylene blue dye in the photograph (right). The scalpel shows the level of the internal mammary
artery perforator injected.

Table 1. Internal Mammary Artery Perforators Identified: Recorded Intercostal Space and Distance from the
Sternal Edge

Cadaver

1 2 3 4 5 6

L R L R L R L R L R L R

ICS (mm from the
sternal edge) 1 (7)* 1 (0) 1 (10) 2 (0)* 2 (5)* 2 (10)* N/A 1 (15)* 2 (9.3)* 1 (0) 1 (6.7)* 1 (0)*

2 (0) 3 (26)* 6 (25) 6 (0)* 3 (55)* 3 (0)* 3 (32) 2 (5.2)* 2 (0)*
3 (37) 4 (0) 7 (0) 5 (12) 3 (0) 3 (0)

L, left (hemichest); R, right (hemichest); ICS, intercostal space.
*Communicates with the lateral thoracic artery.
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teristics of the vessels within the tissue or the com-
munication either between adjacent perforators
or between an internal mammary artery perfora-
tor and another artery such as the lateral thoracic
artery.

Although Yu et al.7 and Vesely et al.8 specu-
lated that there existed communications between
the perforators in differing intercostal spaces, this
had never been proven previously. In this study, we
used three- and four-dimensional computed to-
mographic angiography methods to precisely vi-
sualize the arterial and venous vascular anatomy of
each perforator and the axiality of their perfusion.

MATERIALS AND METHODS
Eleven hemichest adipocutaneous flaps were

harvested from fresh adult cadavers acquired
through the Willed Body Program at the Univer-
sity of Texas Southwestern Medical Center. One
cadaver was male, and the rest were female. The
margins of the adipocutaneous flap were the in-
ferior border of the clavicle, the midline of the
chest, the costal margin, and the midaxillary line
(Fig. 1). Specimen dissection was performed un-
der loupe magnification on a plane superficial to
the thin pectoral fascia. We recorded the distance
of each internal mammary artery perforator from
the sternal edge and the number of perforators
per hemichest, and measured their external di-
ameters. The perforator arteries/veins were can-
nulated individually with a 24-gauge catheter. In-
jection of a dilute methylene blue solution
through the investigated perforator artery or vein

Table 2. Characteristics of Internal Mammary Artery Perforators and Their Vascular Territories According to
Location

Intercostal Space

Characteristic 1 2 3 6 7

No. of perforators injected 6 6 5 1 1
Mean horizontal length of vascular territory (mm) 183 198 164 229* 163
Mean vertical length of vascular territory (mm) 221 271 219 288* 172
Mean diameter of perforator (mm) 1.5 1.83 1.47 1.3 0.8
Mean distance from the sternal edge (mm) 5.5 4.2 21 0 0
*The lateral thoracic artery forms a “bridge” between the territory of the perforators, thus enlarging the vascular territory of the internal
mammary artery perforator in intercostal space 6.

Fig. 2. Three-dimensional computed tomographic scan of a flap
where the internal mammary artery perforator (IMAP) in inter-
costal space (ICS) 2 was injected with contrast. The vascular ter-
ritory is found to encompass the nipple (stapled) and extends to
the levels of the xiphisternum, clavicle, and lateral mammary fold.
Linking vessels are shown to communicate with perforators of
the thoracoacromial and lateral thoracic artery. The yellow arrow
shows the direction of flow.

Table 3. Vascular Territories of Internal Mammary Artery Perforators According to Their Intercostal Level

Extent No.
Level of
Clavicle

Level of
Xiphisternum NAC

Lateral
Mammary Fold

Lateral Thoracic
Communication*

ICS 1 6 6/6 2/6 5/6 6/6 3/6
ICS 2 6 4/6 4/6 6/6 6/6 5/6
ICS 3 5 2/5 3/5 5/5 4/5 3/5
ICS 6 1 0/1 1/1 1/1 1/1 1/1
ICS 7 1 0/1 1/1 1/1 0/1 0/1
NAC, nipple-areola complex; ICS, intercostal space.
*Communicates with the lateral thoracic artery.
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enabled all vascular leaks to be sealed, through
either bipolar diathermy or suture ligation.

Dynamic (Four-Dimensional) Computed
Tomographic Scanning

Dynamic or four-dimensional computed to-
mographic scanning refers to sequential images
produced by repeated scanning as contrast flows
through the flap. This results in a video of simu-
lated flap perfusion. Single internal mammary ar-
tery perforator artery or vein injections were car-
ried out with Isovue contrast (Bracco Diagnostics,
Princeton, N.J.) using a Harvard precision pump
(PHD 2000; Harvard Apparatus, Inc., Holliston,
Mass.) running at 0.5 ml/minute and the flap was
subjected to dynamic computed tomographic
scanning using a GE Lightspeed 16-slice scanner
(General Electric, Milwaukee, Wis.) set to perform
0.625-mm slices using a 0.5-second rotation time.
Each scan was set to 80 kVp and the current ran
at 300 mA. Scans were repeated at 0.125-ml incre-
ments (every 15 seconds) for the first 1 ml and
then at 0.5-ml increments (every 60 seconds) for
the next 2 to 3 ml, thus giving us progressive
computed tomographic images over time.

Flaps were washed out with normal saline in
between scans for different perforators in the
same flap. This was to remove any residual Isovue
contrast before injection of a different vessel.

Static (Three-Dimensional) Computed
Tomographic Scanning

The barium-gelatin mixture was prepared by
warming 100 ml of normal saline to 40°C and
adding 3 g of gelatin while stirring continuously.
This was followed by slowly adding in 40 g of
barium sulfate.13 This solution was then injected
into the investigated perforator artery/vein using
the Harvard precision pump running at 1 ml/
minute until the vascular tree was saturated (pre-
viously repaired leaks would start to leak and had
to be recauterized). The flaps were then frozen for
at least 24 hours before computed tomographic
scanning. Static computed tomographic scanning
was performed with barium-gelatin solution for

Fig. 3. Three-dimensional computed tomographic scan of a flap
where the internal mammary artery perforator (IMAP) in inter-
costal space (ICS) 3 was injected with contrast. Linking vessels are
found between adjacent internal mammary artery perforators,
located proximal to the pedicle of the flap. The yellow arrows
show the direction of flow.

Fig. 4. Three-dimensional computed tomographic scan of a flap
where the internal mammary artery perforator (IMAP) in inter-
costal space (ICS) 3 was injected with contrast. Linking vessels are
found between adjacent internal mammary artery perforators,
located distal to the pedicle of the flap. The yellow arrows show
the direction of flow.
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the last injection for all the flaps, as this could not
be washed out but gave the best quality images.

Three- and four-dimensional images were
viewed using the TeraRecon Aquarius workstation
version 3.2.2.1 (TeraRecon, Inc., San Mateo,
Calif.). The volume-rendering function allowed us
to produce clear and accurate images of the sim-
ulated flaps.

RESULTS
Eleven hemichest flaps were raised from six

fresh cadavers. One hemichest was unused for this
study, as there was an implanted cardiac device
placed in the subcutaneous tissue close to the
midline in the second and third rib area. We were
unable to elevate the pectoral fascia whole with the
flaps, as the thin fascia was found to be quite
adherent to the underlying muscle. As such, all
our flaps were dissected in a suprafascial plane.

Each hemichest flap had one to three internal
mammary artery perforators, most commonly in
intercostal spaces 1, 2, and 3. We found that the
number of perforators but not necessarily their
locations tended to be symmetrical (e.g., in ca-
daver 2 there were three perforators on both sides,
but on the left side, the perforators were in inter-
costal spaces 1, 2, and 3, whereas on the right side,

the perforators were located in intercostal spaces
2, 3, and 4). A total of 26 internal mammary artery
perforators were dissected, and 19 of the perfo-
rator arteries and six perforator veins were in-
jected with contrast for analysis of vascular terri-
tory (Table 1).

The mean perforator diameter for internal
mammary artery perforators was 1.50 mm (range,
1.0 to 2.2 mm) in intercostal space 1, 1.83 mm
(range, 1.3 to 2.4 mm) in intercostal space 2, and
1.47 mm (range, 1.3 to 1.7 mm) in intercostal
space 3. The mean horizontal and vertical dimen-
sions of the vascular territory are listed in Table 2.

Perforator Arteries (Arterial Perforasomes)
Injection of single internal mammary perfo-

rators demonstrated large vascular territories (Ta-
ble 3). Internal mammary artery perforators in
intercostal space 1 perfused to the level of the
clavicle and lateral mammary fold in all cases and
to the level of the xiphisternum one-third of the
time. Internal mammary artery perforators in in-
tercostal space 2 had a territory reaching the clav-
icle and xiphisternum in four of six cases and the
lateral mammary fold in all cases (Fig. 2). Internal
mammary artery perforators in intercostal space 3
reached the clavicle in only 40 percent, the xiphi-

Fig. 5. Three-dimensional computed tomographic scan of a flap where the internal mammary artery perforator (IMAP) in intercostal
space (ICS) 2 was injected with contrast. (Left) Anteroposterior view of flap. (Right) Oblique-transverse view of flap, corresponding to
line A. Indirect linking vessels between the internal mammary artery perforator and the lateral thoracic artery are found at the
subdermal level. The yellow arrows show the direction of flow.
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sternum in 60 percent, and the lateral mammary
fold in 80 percent of cases. The internal mammary
artery perforator in intercostal space 6 was found
to perfuse a large territory, as the lateral thoracic
artery acted as a “bridge” between its territory and
that of the internal mammary artery perforator in
intercostal space 2, thus giving it an even larger
territory than any other internal mammary artery
perforator (Fig. 8 and Table 2). It did not reach
the level of the clavicle but did extend to the level
of the xiphisternum and the lateral mammary
fold. The internal mammary artery perforator in
intercostal space 7 had a territory reaching the
xiphisternum but not to the lateral mammary fold
or clavicle.

In our series, almost all of the internal mam-
mary artery perforators injected (18 of 19) per-
fused the nipple-areola complex, including those
in intercostal spaces 6 and 7. The one internal
mammary artery perforator that did not perfuse
the nipple-areola complex originated from inter-
costal space 1.

Linking Vessels
The phenomenon of linking vessels between

adjacent internal mammary artery perforator(s)

and linking vessels between the internal mammary
artery perforator(s) and the lateral thoracic artery
could explain why a single perforator can vascu-
larize an adipocutaneous flap that is extensive in
both its superoinferior and mediolateral dimen-
sions. The linking vessels between adjacent inter-
nal mammary artery perforators can be proximal
(Fig. 3) or distal (Fig. 4) to the pedicle of the flap.
We have also found linking vessels between inter-
nal mammary artery perforators and branches of
the lateral thoracic artery (Figs. 3, 7, and 8). These
communicating vessels were located at the sub-
dermal level (indirect linking vessels) (Fig. 5), or
midway between the dermis and the pectoral fas-
cia (Fig. 6) (direct linking vessels).

Relationship with the Lateral Thoracic Artery
Internal mammary artery perforators were

found to communicate with the lateral thoracic
artery in 12 of our flaps. Linking vessels between
the internal mammary artery perforators and the
lateral thoracic artery are located at and around
the nipple-areola complex (Fig. 7). These were
also found to be at two levels, the subdermal level
(Fig. 5) and midway between the dermis and the

Fig. 6. Three-dimensional computed tomographic scan of a flap where the internal mammary artery perforator (IMAP) in intercostal
space (ICS) 3 was injected with contrast. (Left) Anteroposterior view of flap. (Right) Sagittal view of flap, corresponding to line A. Direct
linking vessels between adjacent perforators (internal mammary artery perforators in intercostal spaces 2 and 3) are located midway
between the dermis and the pectoral fascia.
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Fig. 8. Three-dimensional computed tomographic scan of a flap
where the internal mammary artery perforator (IMAP) in inter-
costal space (ICS) 6 was injected with contrast. The lateral thoracic
artery was found to “bridge” the vascular territories of the inter-
nal mammary artery perforators in intercostal spaces 6 and 2,
thus further enlarging both perforasomes.

Fig. 9. Three-dimensional computed tomographic scan of a flap
where the internal mammary artery perforator (IMAP) (artery) in
intercostal space (ICS) 2 was injected with contrast. The yellow
arrow shows the direction of flow.

Fig. 7. Three-dimensional computed tomographic scan of a flap where the internal mammary artery perforator (IMAP) in
intercostal space (ICS) 1 was injected with contrast. (Left) Anteroposterior view of flap. Linking vessels between the internal
mammary artery perforators and the lateral thoracic artery are located around the nipple (stapled). (Right) Oblique-transverse
view of flap, corresponding to line A. Direct linking vessels between the internal mammary artery perforator and the lateral
thoracic artery are found midway between the dermis and the pectoral fascia. The yellow arrow shows direction of flow.
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pectoral fascia (Fig. 7). In a few cases, the lateral
thoracic artery was found to bridge the vascular
territories of the internal mammary artery perfo-
rators (Fig. 8), thus enlarging the vascular terri-
tory of each internal mammary artery perforator
even more.

Perforator Veins (Venous Perforasomes)
Six perforator veins in our series were injected.

When a perforator vein was injected, the vascular
territory it encompassed was similar to that of its
accompanying perforator artery but can be larger
than the artery’s territory (Figs. 9 and 10). Also,
the perforator veins were found to communicate
with the lateral thoracic vein in all six cases. The
venous system was found to be mostly at the sub-
dermal level (Fig. 10).

Axiality of Flow
When the superior internal mammary artery

perforators were injected (intercostal spaces 1 and
2), the linking vessels were found to be orientated
in a transverse fashion (Fig. 9). However, when the
inferior internal mammary artery perforators
(intercostal spaces 3 to 7) were injected, the ori-

entation of the linking vessels took a more infero-
lateral orientation (Fig. 8). From the four-dimen-
sional computed tomographic angiography scan
obtained, we elucidated that the axiality of blood
flow of the internal mammary artery perforator
flap was lateral if an internal mammary artery per-
forator in intercostal space 1 or 2 was used and
inferolateral if an internal mammary artery per-
forator in intercostal space 3 and below was used.
(See Video, Supplemental Digital Content 1,
which displays how the injection of an internal
mammary artery perforator in intercostal space 2
shows flow traveling in a transverse direction,
http://links.lww.com/PRS/A108. Video, Supplemen-
tal Digital Content 2, displays how the injection of an
internal mammary artery perforator in intercostal
space 3 shows flow traveling in an inferolateral di-
rection, http://links.lww.com/PRS/A109.)

DISCUSSION
Three- and four dimensional computed tomo-

graphic angiography is a technology recently ap-
plied to the study of flap microvascularity.14–17 This
enables clear visualization of the entire vascular
tree in a three-dimensional manner (e.g., the lat-
eral view demonstrates branching patterns of ves-

Fig. 10. Three-dimensional computed tomographic scan of the same flap where the corresponding vein in intercostal space (ICS)
2 was injected with contrast. (Left) Anteroposterior view of the flap. The venous vascular territory was found to be similar to that of
the accompanying perforator artery but may be larger than the artery’s territory. Communication with the lateral thoracic vein was
found in all six cases. (Right) Transverse view of the flap, corresponding to line A. The venous system is found to be mostly at the
subdermal level. The yellow arrow shows the direction of flow.
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sels) (Figs. 5 through 7 and 10 ). This allows us to
analyze the direct relationship of these vessels with
respect to different levels of the skin, specifically,
the dermis. The four-dimensional aspect demon-
strates the dynamic study of flow in the vascular
territory. This shows us which part of the flap is
perfused first and which part of the skin receives
the greatest blood flow.

The internal mammary artery perforator flap
has demonstrated reliability, versatility, freedom
of arc of rotation (Fig. 11), neck coverage with skin
of similar texture and pigmentation with sensory
innervation, and a primary closure of the donor
site.7–9 Strategies to increase its arc of rotation have
included division of the fibers of the pectoralis
major cephalad to the pedicle7 and excision of a
portion of the costal cartilage of the second rib.8
Bilateral internal mammary artery perforator flaps
can be used to reconstruct a large central defect
of the neck,8 and preexpansion can also be used
to maximize internal mammary artery perforator
flap size and coverage surface.18

This study focuses on the arterial and venous
vascular territories of single perforators (which we
have termed arterial and venous perforasomes)
coming off the internal mammary artery, which

Videos. Video 1, Supplemental Digital Content 1, displays how
the injection of an internal mammary artery perforator in inter-
costal space 2 shows flow traveling in a transverse direction,
http://links.lww.com/PRS/A108. Video 2, Supplemental Digital
Content 2, displays how the injection of an internal mammary
artery perforator in intercostal space 3 shows flow traveling in an
inferolateral direction, http://links.lww.com/PRS/A109.

Fig. 11. (Left) Arc of rotation of an internal mammary artery perforator (IMAP) flap– based perforator in
intercostal space (ICS) 2. (Right) The perforasome of the internal mammary artery perforator is in intercostal
space 2.
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constitutes the medial vascular supply of the an-
terior chest/breast (Fig. 12). Marcus18 and Palmer
and Taylor11 found that the internal mammary
artery was dominant over the lateral thoracic ar-
tery with regard to vascularity of the breast in 68
to 74 percent of their cases. The largest and most
frequently found internal mammary artery perfo-
rator has been reported to be in the second or
third intercostal space.11,12

The phenomenon of linking vessels between
adjacent perforators/arteries is an important find-
ing. This explains how perfusion extends to the
vascular territory of nearby perforators, and how
perfusion is maintained all the way to the distal
periphery of the flap. In effect, one perforator can
increase its own vascular territory by “sharing” the
territory of another perforator, and vice versa, if
the flap were to be based on the other perforator.
This also demonstrates collateral flow in the pec-

toral region and thus the ability to minimize dev-
astating effects of ischemic insult.

The lateral thoracic artery was prominent in
many of our flaps. Linking vessels between the
lateral thoracic artery and the internal mammary
artery perforators allows it to serve as a bridge in
the lateral thoracic area.

The level at which these linking vessels were
found (subdermal and between the dermis and
fascia) indicates that an internal mammary ar-
tery perforator flap can be raised on a level
superficial to the pectoral fascia safely. As the
venous system was also found to be at a super-
ficial level, problems with flap congestion will
likely be minimized if elevation of the flap oc-
curs at this recommended level. Thinning of the
flap should not go beyond halfway through the
thickness of the flap. Based on the axiality of
perfusion of the internal mammary artery per-

Fig. 12. Vascular territories/perforasomes of the internal mammary artery perforators in the first,
second, and third intercostal spaces. IMAP, internal mammary artery perforator.
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forators, the orientation of the flap should prefer-
entially be transverse if based on internal mammary
artery perforators in intercostal spaces 1 and 2, and
lateral or inferolateral if based on intercostal space
3 and below.

CONCLUSIONS
With three- and four-dimensional computed

tomographic angiographic techniques, we have
elucidated the arterial and venous perforasomes
of the internal mammary artery perforators with
respect to their intercostal spaces, the level of their
linking vessels, and the relationship between the
internal mammary artery perforator and the lat-
eral thoracic artery. We have demonstrated the
dimensions of the internal mammary artery per-
forator flap and recommended the safe level of
flap dissection/thinning and orientation of skin
paddle. This contributes to our knowledge of the
internal mammary artery perforator flap, which
remains an important option in reconstruction of
the head and neck region.

Michel Saint-Cyr, M.D.
Department of Plastic Surgery

University of Texas Southwestern Medical Center
1801 Inwood Road

Dallas, Texas 75390-9132
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BREAST

Three- and Four-Dimensional Computed
Tomography Angiographic Studies of
Commonly Used Abdominal Flaps in
Breast Reconstruction

Corrine Wong, M.R.C.S.
Michel Saint-Cyr, M.D.

Gary Arbique, Ph.D.
Stephen Becker, M.D.
Spencer Brown, Ph.D.

Simon Myers, Ph.D., F.R.C.S.
(Plast.)

Rod J. Rohrich, M.D.

Dallas, Texas

Background: The innovative technique of three- and four-dimensional com-
puted tomographic angiography allows us to analyze the areas of perfusion in
commonly used free abdominal flaps in breast reconstruction, such as pedicled
transverse rectus abdominis musculocutaneous (TRAM) flaps, full TRAMs, mus-
cle-sparing TRAMs, and deep inferior epigastric perforator (DIEP) flaps. The
authors compared the vascular territories in these flaps.
Methods: A total of 11 lower abdominal flaps were obtained from nine cadavers
and two abdominoplasty procedures. The authors simulated the perfusion of
seven pedicled TRAMs, eight full TRAMs, eight muscle-sparing TRAMs, 14
DIEPs, and six superficial inferior epigastric artery flaps. For each simulated flap,
the named artery/perforator was injected with Omnipaque contrast using a
Harvard precision pump at 0.5 ml/minute, and the flap was subjected to dy-
namic computed tomographic scanning using a GE Lightspeed 16-slice scanner.
Scans were repeated at 0.125-ml increments (every 15 seconds) for the first 1 ml,
then at 0.5-ml increments (every 60 seconds) for the next 2 to 3 ml, thus giving
progressive computed tomographic images over time. Images were viewed using
both General Electrics and TeraRecon systems, allowing analysis of branching
patterns and perfusion flow as well as measurements of vascular territory.
Conclusions: This study shows that there are definitive differences in vascular
territory based on flap type. The sequences of images also allow us to reappraise the
classic Hartrampf zones of perfusion. (Plast. Reconstr. Surg. 124: 18, 2009.)

Utilization of abdominal tissue for autolo-
gous breast reconstruction has been long
and widely practiced. It is an ideal source,

as most patients who develop breast cancer are at
an age when they also have excessive abdominal
fat and skin. Autologous breast reconstruction has
many advantages over implant reconstruction, in-
cluding reduced risks of infection, capsular con-
tracture, and a more natural and aesthetically
pleasing breast.

Holstrom first described the free transverse
rectus abdominis myocutaneous (TRAM) flap in

1979 for breast reconstruction.1 In 1982, Har-
trampf et al. popularized the pedicled TRAM flap,
based on the superior epigastric artery.2 This, how-
ever, has been shown to be the secondary blood
supply to the tissue of the anterior abdominal
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wall.2–7 Currently, the inferior rather than the su-
perior epigastric pedicle plays the dominant role
in abdominal tissue transfer in autologous breast
reconstruction.

From the free TRAM flap, attempts to mini-
mize donor-site morbidity (e.g., abdominal bulge,
herniae) led to the development of muscle-spar-
ing TRAM flap and deep inferior epigastric per-
forator (DIEP) flaps. Koshima and Soeda de-
scribed the inferior epigastric artery skin flap for
reconstruction of the floor of the mouth and groin
defects,8 but it was Allen and Treece who first used
the DIEP flap for breast reconstruction,9 which has
now become common practice in some plastic
surgery centers.

The perfusion of the transverse abdominal
flap was studied by Scheflan and Dinner,10,11 but
became better known after Hartrampf et al. pub-
lished their work on the TRAM flap.2 The Har-
trampf zones of perfusion (I to IV) are familiar to
most plastic surgeons (Fig. 1). The classic Har-
trampf zones II and III, however, were demon-
strated by Holm et al. to be reversed12 using flu-
orescent perfusion techniques (Fig. 2). This gave
significant weight to the suggestion that blood
flow from the pedicle travels to the ipsilateral side
before crossing the midline.

In this study, we compared the vascular terri-
tories of the pedicled TRAM, full-width TRAM,
muscle-sparing TRAM, DIEP (medial or lateral
row perforator), and superficial inferior epigastric
artery (SIEA) flaps utilizing three- and four-di-
mensional computed tomographic angiography.
The sequential images also allow us to reappraise
the four zones of vascularity.

MATERIALS AND METHODS
Nine transverse abdominal flaps were har-

vested from fresh adult cadavers acquired through
the Willed Body Program at the University of
Texas Southwestern Medical Center, and two spec-
imens were harvested from abdominoplasty pro-
cedures after informed consent.

The margins of all the skin paddles were the
anterior superior iliac spines, the suprapubic
crease, and 2 cm superior to the umbilicus. Four
cadaveric abdominal flaps were studied with re-
spect to two pedicled TRAMs, two full-width
TRAMs, two muscle-sparing TRAMs, and two DIEP
flaps each. One of these also had a SIEA flap
studied. Five other cadaver flaps were used to study
SIEA flaps. The abdominoplasty specimens were
cannulated and irrigated with heparinized saline
before the perfusion studies. With these tissues, six
single-perforator DIEP flaps were simulated as the

three medial row perforators and three lateral row
perforators were cannulated. In total, 43 flap per-
fusions were simulated with computed tomo-
graphic angiography.

Specimen dissection was performed under
loupe magnification. Each cadaveric flap was ac-
companied by full-width and full-length bilateral
rectus muscle. Injection of a dilute methylene blue
solution through the artery according to the type of
flap studied enabled all vascular leaks to be sealed,
either through bipolar diathermy or by suture
ligation.

First, while studying the perfusion of the pedi-
cled TRAM, the superior epigastric artery was can-
nulated and injected with contrast medium and
subjected to dynamic computed tomographic
scanning. The process was repeated with cannu-
lation of the deep inferior epigastric artery for a
full-width TRAM. For a muscle-sparing TRAM, ei-
ther the lateral or medial row perforators were
perfused. The simulation of a DIEP flap was per-
formed by injecting a single perforator (either
lateral or medial dominant row perforator). For a

Fig. 1. Hartrampf’s zones of perfusion.

Fig. 2. Holm’s zones of perfusion.

Volume 124, Number 1 • Computed Tomography Angiographic Studies

19



Fig. 3. (Above, left) Pedicled TRAM flap. Left superior epigastric artery injected with contrast. (Above, right) Full-width TRAM flap. Left
deep inferior epigastric artery injected with contrast. (Center, left) Muscle-sparing TRAM flap (medial row perforators perfused). Left
deep inferior epigastric artery injected with contrast after ligation of the lateral row perforators. (Center, right) DIEP flap (medial
perforator– based). Single medial row perforator injected with contrast. (Below) SIEA flap. Right superficial inferior epigastric artery
injected with contrast.
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SIEA flap, the superficial epigastric artery was in-
jected.

In between the sets of perfusion studies, the
flap was irrigated with saline to remove remnant
contrast medium. Previous experimental studies
have shown that multiple washouts did not affect
the diameter or vascular territories of the vessels
within the flap.13,14

Dynamic Computed Tomographic Imaging
Iodinated contrast medium (Omnipaque; io-

hexol; 300 mg/ml; Amersham, Princeton, N.J.)
was heated to 37°C to reduce the viscosity and
improve vascular filling and placed in a syringe
loaded into a Harvard precision infusion pump
(PHD 2000; Harvard Apparatus, Inc., Holliston,
Mass.). Adequate filling of the vascular territory
was achieved with 3 to 4 ml of contrast at a rate of
injection of 0.5 ml/minute to gain a detailed ap-
preciation of the development of the microvascu-
larity over time. Helical scans were performed using
a GE Lightspeed 16-slice scanner (General Electric,
Milwaukee, Wis.) set to perform 0.625-mm slices
using a 0.5-second rotation time. Each scan was set
to 80 kVp and current ran at 300 mA. Scans were
repeated at 0.125-ml fill increments (every 15 sec-
onds) for the first 1 ml of the contrast injection to
reveal the pattern of early filling and then at 0.5-ml
fill increments (every 60 seconds) for the last 3 ml.

Three- and four-dimensional images were
viewed using the TeraRecon Aquarius workstation
(version 3.2.2.1; TeraRecon Inc., San Mateo,
Calif.). The volume rendering function allowed us
to produce clear and accurate images of the sim-
ulated pedicled TRAM (Fig. 3, above, left), full-
width TRAM (Fig. 3, above, right), muscle-sparing
TRAM (Fig. 3, center, left), DIEP (Fig. 3, center,
right), and SIEA (Fig. 3, below) flaps. Areas of the
skin paddles and vascular territories of the flaps
were measured using the General Electrics Med-
ical Systems Advantage workstation (Aw 4.1_06.3).

RESULTS
Three-Dimensional Computed Tomographic
Angiography

The perfusion of a total of 43 flaps was simu-
lated. The area of the vascular territory of each
individual flap in square millimeters and as a per-
centage of the corresponding skin paddle is tab-
ulated in Table 1. The mean areas of the different
types of flaps are summarized in Table 2.

The pedicled TRAM flap is found to have the
smallest vascular territory, with a mean area of
32.6 � 13.1 percent of the skin paddle perfused. Ta
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Table 2. Summary of Vascular Territory According to Flap Type

Pedicled
TRAM

Full-Width
TRAM

Muscle-Sparing
TRAM (Lateral Row)

Muscle-Sparing
TRAM (Medial Row)

DIEP (Lateral
Perforator)

DIEP (Medial
Perforator) SIEA

No. of flaps 7 8 4 4 7 7 6
Percentage of paddle 20 36 33.4 42.3 32.9 33.6 26.1

25.7 41.8 41.9 42.6 37.5 33.7 24.7
32.0 34.5 52.5 53.5 31.1 44.5 36.6
30.3 35.9 45.0 44.3 35.8 60.9 40.5
19.4 53.9 33.1 38.8 32.6
52.8 63.8 31.4 42.4 39.4
47.8 62.4 28.8 58.0

58.6
Average percentage of

paddle (SD) 32.6 (13.1) 48.4 (12.6) 43.2 (7.9) 45.7 (5.3) 32.9 (2.9) 44.6 (11.0) 33.3 (6.7)

Fig. 4. Lateral view of muscle-sparing TRAM flap. Linking vessels among
perforator complexes are shown, crossing the midline. Note direction of flow
(red arrow).

Fig. 5. Lateral view of DIEP flap. Linking vessels among perforator com-
plexes are shown, crossing the midline. Note direction of flow (red
arrows).
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Two-sample difference of means of pedicled
TRAM versus full-width TRAM gave a p value of
less than 0.03.

The full-width TRAM had a mean area of
48.4 � 12.6 percent skin paddle perfused, which
is comparable to the medial row–perfused muscle-
sparing TRAM, which had a mean area of 45.7 �
5.3 percent skin paddle perfusion (p � 0.70). The
lateral row–perfused muscle-sparing TRAM had a
reduced area, with a mean of 43.2 � 7.9 percent
(p � 0.47 when compared with full-width TRAM).

The DIEP flap that utilizes the medial row
perforator has a wider area of perfusion, with a
mean area of 44.6 � 11.0 percent (p � 0.55, me-
dial DIEP versus full TRAM) compared with one
that is perfused by a lateral row perforator, with a
mean area of 32.9. � 2.9 percent (p � 0.007 lateral

DIEP versus full TRAM, p � 0.02 lateral DIEP
versus medial DIEP).

The SIEA flap has a mean area perfused of
33.3 � 6.7 percent, which is comparable to a lat-
eral perforator DIEP flap (p � 0.94). Not only do
they have vascular territory of similar size, they also
have a tendency to stay in one hemi-abdomen.
Vascular flow among zones of perfusion (I to IV)
can be explained by the linking vessels that com-
municate among the perforators (Figs. 4 and 5) as
well as recurrent flow via the subdermal plexus
(Figs. 6 and 7).

Four-Dimensional Computed Tomographic
Angiography

In full-width TRAM flaps (i.e., both medial and
lateral row perforators still present), we found that

Fig. 6. Contrast (0.25 ml) injected into a perforator of a DIEP flap. Note
direction of flow (red arrow).

Fig. 7. Contrast (0.4 ml) injected into the same perforator of the DIEP
flap. Linking vessels demonstrate recurrent flow from the subdermal
plexus to the deeper tissues before flowing superficially and away from
the primary perforator (red arrows).
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vascular perfusion from zone I to II (contralateral
medial zone) or zone III (ipsilateral lateral zone)
depends on perforator dominance. If the medial
row perforator is dominant, then zone I perfuses
to zone II earlier and more intensely than zone III
(Fig. 8) (Video 1; see Video, Supplemental Digital
Content 1, which demonstrates perfusion of the
right deep inferior epigastric artery in a full-width
TRAM flap; a dominant medial row perforator is
demonstrated, as perfusion extends from zone I to

II and then finally to zone III; http://links.lww.com/
A1275).

If the lateral row perforator is dominant, then
zone III is perfused before and more so than zone
II (Fig. 9). See Video, Supplemental Digital Con-
tent 2, which demonstrates perfusion of left deep
inferior epigastric artery (in full-width TRAM
flap). A dominant lateral row perforator is dem-
onstrated, as perfusion extends from zone I to
zone III, and then finally to zone II; http://links.
lww.com/A1276. Needless to say, in muscle-sparing
TRAM and DIEP flaps, the perfusion depends on
whether the perforators are medial or lateral row.

DISCUSSION
We have found that perfusion studies involv-

ing cadaveric tissue underestimate the extent of
vascular territory in vivo. Even so, this study gives
us an idea of how the lower abdominal flaps per-
fuse with respect to the named artery/perforator
investigated.

The superior epigastric artery has been ac-
knowledged to be the secondary blood supply to
the tissue of the anterior abdominal wall.2–7 Al-
though no microsurgery is necessary, it has been
suggested that the pedicled TRAM has a rate of
partial necrosis approaching 25 percent and fat
necrosis rate of up to 27 percent.15,16 Compara-
tively, TRAM, muscle-sparing TRAM, and DIEP
flaps that utilize the deep inferior epigastric artery
have failure rates quoted to be 1 to 4 percent and
fat necrosis rates of 4 to 16 percent.17–22 This is
supported by the fact that the caliber of the su-
perior epigastric artery is considerably smaller
than that of the deep inferior epigastric artery and

Fig. 8. Perfusion of right deep inferior epigastric artery (in full-
width TRAM flap). (Above) At initial stage, only zone I is perfused.
(Center) At middle stage, zones I and II are perfused, demonstrat-
ing a dominant medial row perforator. (Below) At late stage,
zones I, II, and III are perfused.

Video 1. Perfusion of right deep inferior epigastric artery (in full-
width TRAM flap). At late stage, zones I, II, and III are perfused
(http://links.lww.com/A1275).
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by our findings of the vascular territory of a pedi-
cled TRAM being about 60 percent of the territory
of a full-width TRAM flap.

The full-width TRAM flap, muscle-sparing me-
dial row TRAM flap, muscle-sparing lateral row
TRAM flap, and medial perforator–based DIEP
flap were shown to have comparable areas of per-
fusion (48, 46, 43, and 45 percent, respectively).
Therefore, we recommend the use of a muscle-
sparing TRAM flap or medial perforator–based

DIEP flap, as opposed to the full-width TRAM, to
reduce the risk of donor-site morbidity.

The DIEP flap based on a medial perforator
has a perfusion area of 44.6 percent and is reduced
to 32.9 percent if based on a lateral perforator,
which is a smaller area compared with both types
of TRAM flaps. In his 2000 study, Kroll implied
that DIEP flaps have a less robust blood supply
than free TRAM flaps,21 as he found higher rates
of partial flap loss and fat necrosis in the former
compared with the latter. For TRAM flaps, the
partial failure rate was 2.2 percent and the fat
necrosis rate was 12.9 percent. For DIEP flaps, in
selected patients, the partial failure rate was 8.7
percent and the fat necrosis rate was 17.4 percent.
Whether the DIEP flaps were based on lateral or
medial row perforators was not specified, so the
author’s conclusion would concur with our results
if most of the DIEP flaps were based on lateral row
perforators. The DIEP flaps harvested in this study
were all based on a single perforator from either
the medial or lateral branch. We realize that the
DIEP flap’s vascular territory could be potentially
increased if two or more perforators were also
selected.

We found that the vascular territory of a DIEP
flap based on a lateral row perforator was similar
to that of the SIEA flap, in that the vascular ter-
ritories tend to reside in one hemi-abdomen. Stud-
ies have been performed which advocate the use
of the lateral branch of the deep inferior epigastric
artery in DIEP flap harvesting. It is more fre-
quently dominant and tends to run a more recti-
linear course, allowing for easier dissection.23,24

We recommend using the medial row perforators,
however, if these are clinically dominant and if a
larger flap (encroaching zones III and IV) is
needed. Blondeel noted in a clinical series that all
flaps with compromised vascularization of zone IV
in the study were perfused by lateral row perfora-
tors and, therefore, advised that the use of medial
row perforators is imperative if zone IV is
required.24 Therefore, if a large breast reconstruc-
tion is required, then we recommend harvesting a
medial row–based perforator DIEP flap, or a mus-
cle-sparing TRAM flap, to secure a larger area of
perfusion across the midline. If a small volume
breast is to be reconstructed, for which only a
hemi-abdominal flap is required, then a lateral
row perforator DIEP flap or SIEA flap can be con-
sidered when available.

Holm et al. performed perfusion studies that
demonstrated that Hartrampf zones II and III
should be reversed12 (Fig. 2). They stated that
Hartrampf’s concept was erroneous and that “per-

Fig. 9. Perfusion of left deep inferior epigastric artery (in full-
width TRAM flap). (Above) At initial stage, only zone I is perfused.
(Center) At middle stage, zones I and III are perfused, demonstrat-
ing a dominant lateral row perforator. (Below) At late stage, zones
I, II, and III are perfused.
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fusion of the vascular territories across the midline
was always delayed and less intensive than in the
territories on the ipsilateral side.” This elegant
study was well carried out, but its bold statement
does not always hold true. With four-dimensional
computed tomographic angiography, we found
that perfusion from zone I can spread either to
(Hartrampf) zone II or zone III, depending on
perforator dominance. In Holm et al.’s study, only
two of 15 flaps utilized just the medial row perfo-
rators, and eight used only lateral row perforators
(the rest had both medial and lateral row perfo-
rators). Itoh and Arai’s anatomical study showed
that the lateral branch of the deep inferior epi-
gastric artery is more frequently dominant com-
pared with the medial branch22; therefore, Holm
et al.’s results are not surprising.

Our studies show that if the medial row per-
forator is dominant, zone II is perfused before
zone III (Fig. 8; see Video, Supplemental Digital
Content 1, http://links.lww.com/A1275) and if the
lateral row perforator is dominant, zone III is per-
fused before zone II (Fig. 9; see Video, Supple-
mental Digital Content 2, http://links.lww.com/
A1276). This demonstrates that both Hartrampf’s
and Holm’s concepts are correct and that no rule
is absolute. We acknowledge that our samples are
small, and a study on a larger scale is needed to
achieve better statistical significance.

Clinical Applications
Numerous authors have reported excellent

clinical results with all flaps described in this vas-
cular perfusion study. Cadaver injection perfusion

studies will underestimate the true clinical flap
territory; therefore, a larger area of perfusion can
be expected and is commonly seen in vivo for all
flaps investigated in the present study. When re-
constructing a large breast that requires zones I, II,
and III, consideration should be given to harvest-
ing flaps that will provide adequate perfusion across
the midline such as the full TRAM, muscle-sparing
TRAM, and medial perforator–based DIEP flaps.
The lateral row perforator DIEP flaps in our study
crossed the midline in certain cases but were based
solely on a single perforator and therefore under-
estimate the consistent perfusion across the mid-
line seen in vivo. Although we have found perfu-
sion differences in both lateral and medial
perforator DIEP flaps, perforator selection of a
DIEP flap should be based on the largest perfo-
rator size and dominance regardless of its lateral
or medial row origin. When available, the SIEA
flap results in minimal donor-site morbidity and
remain an excellent choice for breast reconstruc-
tions requiring hemi-abdominal tissue only.

CONCLUSIONS
Vascular territories of commonly used abdom-

inal flaps for breast reconstruction in increasing
size are the pedicled TRAM flap, lateral row per-
forator DIEP flap, SIEA flap, lateral row muscle-
sparing TRAM flap, medial row perforator DIEP
flap, medial row muscle-sparing TRAM flap, and
full-width TRAM flap (Fig. 10). The last four flaps
have comparable areas of perfusion; therefore, we
recommend using a muscle-sparing TRAM flap or
medial perforator DIEP flap to decrease risk of

Fig. 10. Histogram of vascular territory according to flap type.
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donor-site morbidity. The extension of perfusion
from zone I to zone II or III will depend on per-
forator dominance.
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BREAST

Perforasomes of the DIEP Flap: Vascular
Anatomy of the Lateral versus Medial Row
Perforators and Clinical Implications

Corrine Wong, M.R.C.S.
Michel Saint-Cyr, M.D.
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Tim Schaub, M.D.

Steven H. Bailey, M.D.
Simon Myers, Ph.D.,
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Spencer Brown, Ph.D.
Rod J. Rohrich, M.D.

Dallas, Texas

Background: Regarding the perfusion of a deep inferior epigastric perforator
(DIEP) flap, the classic Hartrampf zones II and III were demonstrated by Holm
et al. to be reversed using fluorescent perfusion techniques, implying that blood
flow from the pedicle travels to the ipsilateral side before crossing the midline.
The authors’ hypothesis is that the zones of perfusion and the vascular anatomy
differ greatly between lateral row and medial row perforators.
Methods: Three-dimensional and four-dimensional computed tomographic
angiography was utilized to reappraise the zones of vascularity. Thirty-six DIEP
flaps were simulated for this study (14 lateral row perforators versus 22 medial
row perforators). Individual perforators were injected with contrast and each
flap was subjected to dynamic computed tomography scanning. Images were
viewed using TeraRecon software, allowing analysis of branching patterns and
perfusion flow.
Results: The mean vascular territory for a medial perforator DIEP flap injected
with contrast was 296 cm2, compared with 196 cm2 for a lateral perforator DIEP
flap. Zone II perfusion was greater in a medial perforator compared with a lateral
perforator. Zone III had greater perfusion in a lateral perforator compared with
a medial perforator. The authors found that medial perforators conform to the
Hartrampf zones of perfusion and lateral perforators follow the Holm theory of
perfusion (zones II and III should be reversed for lateral perforator DIEP flaps).
Injection of a lateral row–based perforator flap gave a vascular territory that
rarely crossed the midline.
Conclusion: Medial and lateral row perforators offer distinct and stereotypical
zones of perfusion that have a significant effect on flap design and
harvesting. (Plast. Reconstr. Surg. 125: 772, 2010.)

The deep inferior epigastric artery perforator
(DIEP) flap has held and continues to hold
an important role in free autologous tissue

breast reconstruction. It provides autologous tis-
sue for breast reconstruction without sacrificing
the underlying rectus muscle, with minimal risks
of bulge or hernia formation.1,2 The literature is

replete with comparison of different DIEP series
comparing flap results, fat necrosis, and clinical
outcomes.2–6 One of the major problems is that
not all DIEP flaps are alike, and a proper classi-
fication system based on zones of perfusion is re-
quired to make a meaningful comparison between
different flaps.

The perfusion of the transverse abdominal
flap was studied by Scheflan and Dinner7,8 but
became better known after Hartrampf published
his work on the transverse rectus abdominis mus-
culocutaneous (TRAM) flap.9 Since then, other
authors have given us detailed anatomical studies
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of the deep inferior epigastric arterial system.10–12

In 2006, the classic Hartrampf zones II and III
were demonstrated by Holm et al. to be reversed13

using fluorescent perfusion techniques. This gave
significant weight to the suggestion that blood
flow from the pedicle travels to the ipsilateral side
before crossing the midline.

We hypothesize that the zones of perfusion of
the DIEP flap differ greatly based on whether a
lateral row perforator or a medial row perforator
is selected. Increased knowledge of the lateral and
medial row perforator vascular anatomy may have
a significant effect on flap design and in turn help
decrease flap-related complications. This hypoth-
esis will be tested using three- and four-dimen-
sional computed tomographic angiography,
which has been previously utilized in other vascu-
lar anatomical studies.14–17

PATIENTS AND METHODS
A total of 36 DIEP flaps were simulated for this

study. These flaps were harvested from fresh ca-
davers from the University of Texas Willed Body
Program. A total of 14 single lateral row perfora-
tors versus 22 medial row perforators were in-
jected with contrast to determine the vascular ter-
ritory in the zones of perfusion. All dissections
were performed under loupe magnification, and
a 23-gauge catheter was used to cannulate all se-
lected perforators (see Fig. 4). Dilute methylene
blue dye was used to inject each perforator to
identify vascular leakage points, which were sub-
sequently ligated with bipolar cautery or with silk
suture. The single most dominant perforator was
selected in all cases. The dominant perforator was
determined to be the largest perforator in the
DIEP flap by direct examination of the external di-
ameter of perforators upon dissection of the rectus
muscle. Flaps were then submitted to static and dy-
namic computed tomography scan imaging.

Dynamic (Four-Dimensional) Computed
Tomography Scanning

Dynamic or four-dimensional computed to-
mography scanning refers to sequential images

produced by repeated scanning as contrast flows
through the flap over time. This results in a video
of simulated flap perfusion. Single DIEP perfora-
tor injections were carried out with iodinated con-
trast medium (Isovue; Bracco Diagnostics, Prince-
ton, N.J.) using a Harvard precision pump (PHD
2000; Harvard Apparatus, Inc., Holliston, Mass.)
running at 0.5 ml/minute, and the flap was sub-
jected to dynamic computed tomography scan-
ning using a GE Lightspeed 16-slice scanner (Gen-
eral Electric, Milwaukee, Wis.) set to perform
0.625-mm slices using a 0.5-second rotation time.
Each scan was set to 80 kVp, and current ran at 300
mA. Scans were repeated at 0.125-ml increments
(every 15 seconds) for the first 1 ml, then at 0.5-ml
increments (every 60 seconds) for the next 2 to 3
ml, thus giving us progressive computed tomog-
raphy images over time. We found a total volume
of 3 to 4 ml of contrast was sufficient for each flap
injection.

Static (Three-Dimensional) Computed
Tomography Scanning

The barium-gelatin mixture was prepared by
warming 100 ml of normal saline to 40°C, and
adding 3 g of gelatin while stirring continuously.
This was followed by slowly adding in 40 g of
barium sulfate.18 This solution was then injected
into the investigated perforator using the Harvard
precision pump running at 1 ml/minute until the
vascular tree was saturated (previously repaired
leaks will start to leak and have to be recauterized).
The flaps were then frozen for at least 24 hours
before computed tomography scanning.

Three- and four-dimensional images were
viewed using the TeraRecon Aquarius workstation
(version 3.2.2.1; TeraRecon Inc., San Mateo,
Calif.). The volume rendering function allowed us
to produce clear and accurate images of the sim-
ulated flaps.

The mean vascular territory of the medial per-
forator was compared with that of the lateral per-
forator using the t test. The mean percentage of
zones II and III perfusion between medial and
lateral perforators was compared using the
Kruskal-Wallis test.

RESULTS
The results of our study are summarized in

Table 1. All of our simulated DIEP flaps were
based on single perforators.

Supplemental digital content is available for
this article. Direct URL citations appear in the
printed text; simply type the URL address into
any Web browser to access this content. Click-
able links to the material are provided in the
HTML text of this article on the Journal’s Web
site (www.PRSJournal.com).
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Medial Row Perforators
Twenty-two medial perforator DIEP flaps were

used in this study. The mean vascular territory for
a medial perforator DIEP flap injected with con-
trast was 296 cm2 (p � 0.008 when compared with
vascular territory of lateral perforator). The
branches of the medial row perforator were seen
to be directed both laterally and medially, and
crossed the midline in all cases. The vascular ter-
ritories of these flaps were more centralized com-
pared with those perfused by a lateral perforator.
Large-diameter linking vessels were found to
connect perforators within the same medial row
(Fig. 1). The injected medial perforators con-
nected with contralateral medial row perfora-
tors (across the midline) through the indirect
linking vessels via the subdermal plexus (Figs. 2
and 3). Moon and Taylor also noted that cross-
over of the midline is predominantly in the sub-
dermal plexus.11 Medial row and lateral row per-
forators within the same hemi-abdomen were

connected via both direct and indirect linking
vessels (Fig. 3).

Lateral Row Perforators
Fourteen lateral perforator DIEP flaps were

analyzed. The mean vascular territory of a DIEP
flap when a lateral row perforator was injected
was 196 cm2. Perfusion was found to be more
lateralized, and very few of these flaps crossed
the midline (three of 14). Contrast injected into
a lateral perforator tended to stay in one hemi-
abdomen (Fig. 4). Again, large-diameter linking
vessels were found to connect perforators within
the same lateral row perforators, and both direct
and indirect linking vessels were found to com-
municate between perforators of the same hemi-
abdomen (Fig. 5). We found that for both lateral
and medial perforators, indirect linking vessels
(through the subdermal plexus) outnumber di-
rect linking vessels, which implies that perfusion
occurs mostly at the superficial level of the skin.

Table 1. Medial versus Lateral Perforators of a DIEP Flap: Comparison of Areas of Perfusion

Perforator
Injected n

Mean Vascular
Territory (cm²)

Mean Area of Zone
II Perfused (cm²)

Mean % of Zone II
Perfused

Mean Area of Zone III
Perfused (cm²)

Mean % of Zone III
Perfused

Medial 22 296.4* 93.1 65.8† 122.3 43.9†
Lateral 14 195.6 5.2 4.8 95.3 85.2
*p � 0.008 using t test.
†p � 0.01 using Kruskal-Wallis test.

Fig. 1. Three-dimensional computed tomography angiogram of a medial perforator DIEP flap. (Left) Anteroposterior view. (Right)
Sagittal view of flap, corresponding to blue line in the anteroposterior view. Direct linking vessels connect perforators within the same
medial row. X marks a perforator caudal to the injected medial one. The yellow arrow shows the direction of flow.
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Zones of Perfusion
In a medial perforator DIEP flap, the mean

percentage of Hartrampf zone II perfused was
65.8 percent, compared with 4.8 percent for a
lateral perforator DIEP flap. For Hartrampf
zone III, a medial perforator injection had only
43.9 percent, compared with 85.2 percent for a

lateral perforator (p � 0.01) (Fig. 6). Five me-
dial perforator flaps had vascular territories en-
croaching zone IV, whereas none of the lateral
perforator flaps did.

In our four-dimensional computed tomography
investigations, we found that flow of contrast for a
medial perforator DIEP traveled earlier to Har-

Fig. 2. Three-dimensional computed tomography angiogram of a medial perforator DIEP flap,
transverse view. The injected medial perforator was connected to the contralateral medial row
perforator through indirect linking vessels via the subdermal plexus. The yellow arrows show the
direction of flow.

Fig. 3. Three-dimensional computed tomography angiogram of a medial perforator DIEP flap, transverse view. Medial row
and lateral row perforators within the same hemi-abdomen were connected via both direct and indirect linking vessels.
Contrast traveled across the midline via indirect linking vessels via the subdermal plexus. The yellow arrows show the direction
of flow.
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trampf zone II and had a greater area of vascularity
compared with Hartrampf zone III (Fig. 7). (See
Video, Supplemental Digital Content 1, which dem-
onstrates the infusion of contrast agent over time in
a single medial row DIEP flap perforator, http://
links.lww.com/PRS/A149. Note the large linking ves-
sels that communicate with other medial row and
lateral row perforators. The flow of contrast for a
medial perforator travels earlier to Hartrampf zone
II and has a greater area of vascularity compared with
Hartrampf III.) The lateral perforator DIEP flaps
had earlier and greater contrast flow into Hartrampf
zone III compared with Hartrampf zone II (Fig. 8).
(See Video, Supplemental Digital Content 2, which
shows that in contrast to the medial row perforator,
the lateral row DIEP flap perforator has earlier and
greater contrast flow into Hartrampf zone III com-
pared with Hartrampf zone II, http://links.lww.com/
PRS/A150).

DISCUSSION
This methodology does not pretend to mimic

physiological conditions and cannot account for as-
pects such as vasoconstriction and physiological
shunting. Actual vascularity may be quite different in
a physiological situation, where nervous, hormonal,
and local controls of the vessels come into play.
This merely gives us a means of comparing two
different types of perforators using identical ex-
perimental conditions.

We found that anatomical vascular imaging
always underestimates the true clinical vascular
perfusion area (many surgeons will attest to har-
vesting lateral perforator DIEP flaps that were
larger than a hemi-abdomen without complica-
tions). Therefore, larger vascular territories can be
anticipated in a clinical arena. Medial and lateral row
perforators offer distinct and stereotypical zones of
perfusion that have a significant impact on flap de-

Fig. 4. (Above) In this cadaveric DIEP flap, the lateral perforator on the right side is can-
nulated and attached to tubing. The left rectus muscle is still intact, whereas the right had
been removed. (Below) Three-dimensional computed tomography angiogram of a lateral
perforator DIEP flap, anteroposterior view. The arrow shows the location of the lateral row
perforator injected with contrast. Perfusion tends to stay in one hemi-abdomen.
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sign and harvesting. When considering a lateral row–
based perforator flap, vascularity was found to rarely
cross the midline in our anatomical cadaver com-
puted tomography studies. We propose that this was
due to a higher number of communicating vessels
needed to cross the midline, compared with a flap
based on a medial perforator (Fig. 9).

When planning a large breast reconstruction,
a medial row perforator or a combination of me-
dial and lateral perforators (muscle-sparing
TRAM or TRAM flap) should be considered. If a
single medial row perforator is selected, the vas-

cular territory is larger and more centralized com-
pared with a lateral row perforator-based flap.
Therefore, both tips of the flap are subjected to a
higher risk of ischemia (Fig. 10). We routinely
discard the distal third or half of Hartrampf zone
III and half or all of zone IV when selecting a
medial row single-perforator DIEP flap.

Studies have been to done to advocate the use
of the lateral row perforators in DIEP flap har-
vesting. The lateral branch is frequently wider and
tends to run a more rectilinear course, allowing
for easier and speedier dissection.19,20 Lateral row

Fig. 6. Graphical comparison of zone II and III perfusion according to perforator
(medial versus lateral).

Fig. 5. Three-dimensional computed tomography angiogram of a lateral perforator DIEP
flap, transverse view. Both direct and indirect linking vessels were found to communicate
between perforators of the same hemi-abdomen. Contrast rarely crossed the midline. The
yellow arrows show the direction of flow.
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perforators used in a hemi-abdominal flap have
more of a central position and have less risk of
partial flap necrosis of the most distal ipsilateral tip
of the flap. Therefore, hemi-abdominal flaps tend
to be safely harvested based on a single lateral row
perforator (Fig. 11), and this can be used in small
to medium breast reconstructions. It is also very
useful for bilateral breast reconstruction. In a pre-
vious study, we found that the free TEAM flap,
which has both medial and lateral perforators, had
the largest vascular territory among the commonly

used abdominal flaps for breast reconstruction,
and perfused Hartrampf zones I, II, and III.17

Reappraisal of the Zones of Perfusion
Holm et al. performed perfusion studies which

demonstrated that Hartrampf zones II and III
should be reversed.13 They stated that Hartrampf’s
concept was erroneous and that “perfusion of the
vascular territories across the midline was always de-
layed and less intensive than in the territories on the
ipsilateral side.” This elegant study was well carried

Fig. 7. Four-dimensional computed tomography angiograms demonstrating perfusion of a me-
dial perforator DIEP flap. (Left) Anteroposterior views. (Right) Transverse views. Flow of contrast
traveled earlier to zone II and had a greater area of vascularity compared with zone III.
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out, but its bold statement does not always hold true.
In Holm et al.’s study, only two of 15 flaps utilized just
the medial row perforators, and eight used only lat-
eral row perforators (the rest had both medial and
lateral row perforators).

Fig. 8. Four-dimensional computed tomography angiograms demonstrating perfusion of a lateral
perforator DIEP flap. (Left) Anteroposterior views. (Right) Transverse views. There was earlier and
greater contrast flow into zone III compared with zone II.

Video 1. Supplemental Digital Content 1 demonstrates the in-
fusion of contrast agent over time in a single medial row DIEP flap
perforator, http://links.lww.com/PRS/A149. Large linking ves-
sels communicate with other medial row and lateral row perfo-
rators. The flow of contrast for a medial perforator travels earlier
to Hartrampf zone II and has a greater area of vascularity com-
pared to Hartrampf III.

Video 2. Supplemental Digital Content 2 shows that in contrast
to the medial row perforator, the lateral row DIEP flap perforator
has earlier and greater contrast flow into Hartrampf zone III com-
pared to Hartrampf zone II, http://links.lww.com/PRS/A150.
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Based on our three- and four-dimensional
computed tomographic angiography studies, con-
trast flow from a medial perforator perfused
Hartrampf zone II earlier and more so than Har-
trampf zone III. The resultant area of vascularity
of Hartrampf zone II is greater than in Hartrampf
zone III. Therefore, flaps based on a single medial
row perforator are shown to be more centralized
and follow Hartrampf’s classification of perfusion
zones, with zone II being the contralateral medial
region of a transverse abdominal flap. Zone III is
ipsilateral to zone I, and zone IV is ipsilateral to
zone II (Fig. 12).

In contrast, perfusion for a lateral perforator
DIEP is more lateralized. Contrast traveled to Har-
trampf zone III earlier and had a greater area of

vascularity compared with Hartrampf zone II.
Therefore, this perfusion pattern follows Holm’s
classification, and zones II and III should be in
reverse order (Fig. 13). Holm’s zone II corre-
sponds to the area ipsilateral to zone I, and Holm’s
zone III should now be the contralateral medial
region, in the same hemi-abdomen with zone IV.

Still, regardless of perforator location, the
largest perforator should always be selected dur-
ing a flap harvest. The DIEP flap has allowed a
significant decrease in donor-site morbidity and
can provide an aesthetic breast reconstruction
that is comparable to all other abdominal donor-
site flaps. Thorough knowledge of the vascular
anatomy of medial or lateral-based perforators is
crucial for safe flap design and harvesting, and can

Fig. 9. Illustrations of contrast flow in a DIEP flap. (Above) Lateral row perforator is injected. At least two sets of linking vessels need
to be crossed to reach the midline. (Below) Medial row perforator is injected. Fewer linking vessels are required to cross the midline,
thus contrast flows into zone II more easily, hence a more centralized perfusion. Also, at least two sets of linking vessels are needed
to be crossed to reach zone III.
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help minimize the risks of postoperative fat ne-
crosis and partial flap necrosis. In a recent meta-
analysis, the risk of fat necrosis in DIEP flaps was
reported to be twice that of TRAM flaps.21 This is
likely due to improper knowledge of the vascular
anatomy of lateral versus medial row-based perfo-
rators. Both of these perforator types will have
distinct vascular territories, and this should be
respected during DIEP flap harvesting to avoid
such complications.

Our study demonstrates that the perfusion
characteristics of a medial row perforator differ
significantly from those of a lateral row-based per-
forator. Therefore, each perforator has its own
distinct vascular territory, which has been termed

a “perforasome.”22 This may also explain why there
are significant differences in the literature regard-
ing fat necrosis and DIEP flap complications. Nu-
merous series mention their complications by
combining both lateral and medial row-based per-
forator DIEP flaps. Therefore, if a meaningful
comparison is to be made, medial row perforator
DIEP flaps need to be compared with medial row
perforator DIEP flaps and likewise with lateral row
perforator DIEP flaps. We acknowledge that a lim-
itation of this study is the focus on only single-
perforator DIEP flaps, as we were investigating the
vascular territory of single perforators. Clinically,
although some DIEP flaps are based on two or
more perforators, many DIEP flaps are based on
single perforators, so we believe the findings from
this study are still valid.

Fig. 10. Illustration of a medial perforator DIEP flap, in which
perfusion is more centralized and has a bigger vascular territory.
These are useful for large breast reconstructions.

Fig. 11. Illustration of a lateral perforator DIEP flap, in which per-
fusion is more lateralized. These are useful for small to moderate-
sized and bilateral breast reconstructions.

Fig. 12. Medial perforator DIEP flaps follow Hartrampf zones of
perfusion. Zone II is on the contralateral hemi-abdomen.

Fig. 13. Lateral perforator DIEP flaps follow Holm’s zones of per-
fusion. Zone II is on the ipsilateral hemi-abdomen.
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CONCLUSIONS
DIEP flaps based on medial row perforators

will have a different vascular territory compared
with those based on lateral perforators. Increased
knowledge of the vascular anatomy and zones of
perfusion of both these perforator types will likely
help decrease flap-related complications, such as
fat necrosis and partial flap loss. This, in general,
will yield better patient outcome and decreased
morbidity in the reconstructive process.
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RECONSTRUCTIVE

Three- and Four-Dimensional Computed
Tomographic Angiography Studies of the
Supraclavicular Artery Island Flap

Jennifer W. H. Chan, M.D.
Corrine Wong, M.R.C.S.

Kenneth Ward, M.D.
Michel Saint-Cyr, M.D.

Ernest S. Chiu, M.D.

New Orleans, La.; and Dallas, Texas

Background: The supraclavicular artery island flap is a useful regional option in
head and neck reconstruction. Previous studies have recorded pedicle length,
caliber, and ink injection studies of the supraclavicular artery. This study presents a
three- and four-dimensional appraisal of the vascular anatomy and perfusion of the
supraclavicular artery island flap using a novel computed tomographic technique.
Methods: Ten supraclavicular artery island flaps were harvested from fresh
cadavers. Each flap was injected with contrast media and subjected to dynamic
computed tomographic scanning using a GE Lightspeed 16-slice scanner. Static
computed tomographic scanning was also undertaken using a barium-gelatin
mixture. Images were viewed using both General Electric and TeraRecon sys-
tems, allowing the appreciation of vascular territory (three-dimensional) and
analysis of perfusion flow (four-dimensional).
Results: The entire skin paddle was perfused in the majority (nine of 10) of
flaps. One of the flaps was perfused only 50 percent. In this case, the pedicle
artery was found to be much smaller than the other flap pedicles. Direct linking
vessels and recurrent flow by means of the subdermal plexus were found to
convey the flow of contrast between adjacent perforators. This explains how
perfusion extends to adjacent perforators by means of interperforator flow, and
how perfusion is maintained all the way to the distal periphery of the flap.
Conclusions: Using this imaging technique, the authors elucidated the vascular
anatomy of the supraclavicular artery island flap. This study confirms previous
clinical findings that the supraclavicular artery island flap is a reliable option and
gives surgeons new information for future flap refinement. (Plast. Reconstr.
Surg. 125: 525, 2010.)

Oropharyngeal oncologic resection often re-
sults in complex wounds requiring the use
of local, regional, or free tissue transfer to

return form and function. Microvascular free tis-
sue transfer revolutionized reconstructive surgery
in the head and neck by providing more flap op-
tions to reliably replace tissue defects with mini-
mal donor-site morbidity. However, they require
technical expertise and increased operative time.
Local flaps often are not of adequate size and
regional flaps are bulky and associated with in-
creased donor-site morbidity.

In 1903, Toldt, an anatomist, first illustrated
and named the vessel arteria cervicalis superficia-
lis. It originates from the thyrocervical trunk, ex-
iting between the trapezius and sternocleidomas-
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toid muscle. In 1949, the first clinical application
of a flap from the shoulder (“charretera” or ac-
romial flap) was performed by Kazanjian and
Converse.1 The word charretera, in Spanish, means
the shoulder area where honors are bestowed on
military personnel. In 1979, the first anatomical
studies were performed by Mathes and Vasconez
who described the vascular territory and clinical
applications of head and neck reconstruction.2
The flap was renamed the cervicohumeral flap. In
1983, Lamberty and Cormack named a vessel
cephalad to the clavicular insertion of the tra-
pezius muscle the supraclavicular artery.3 This
flap the flap has been controversial because of
the reported incidence of distal flap necrosis.4

Beginning in the 1990s, Pallua et al. “rediscov-
ered” this flap and popularized its use by per-
forming detailed anatomical studies examining
the vascularity of what is known today as the
supraclavicular island flap.5–7 Although the su-
praclavicular artery island flap has been shown
to be a versatile regional flap for head and neck
reconstruction, its vascular anatomy is still
poorly understood. In this study, the vascular
anatomy of this flap is examined using com-
puted tomographic angiography which, to date,
has not been performed.

MATERIALS AND METHODS
Ten supraclavicular flaps were harvested

from fresh adult cadavers acquired through the
Willed Body Program at the University of Texas
Southwestern Medical Center. The adipocuta-
neous paddle was incised over the proximal half
of the lateral upper arm (overlying the deltoid
muscle) and shoulder joint, with the proximal
portion of the flap extending to the area supe-
rior to the lateral third of the clavicle. The su-
praclavicular artery, which perfuses the flap, was
dissected out in the proximal portion of the flap.
It was usually found to be superior to the lateral
third of the clavicle.

Specimen dissection was performed under
loupe magnification. Injection of a dilute meth-
ylene blue solution through the supraclavicular
artery enabled all vascular leaks to be sealed,
through either bipolar diathermy or suture
ligation.

Three-Dimensional and Four-Dimensional
Computed Tomographic Imaging

Iodinated contrast medium, 300 mg/ml io-
hexol (Omnipaque; Amersham, Princeton,
N.J.), was heated to 37°C to reduce the viscosity

and improve vascular filling. This was injected
into the supraclavicular artery. Adequate filling
of the vascular territory was achieved with ap-
proximately 1.5 to 2 ml of contrast at a rate of
injection of 0.5 ml/minute to gain a detailed
appreciation of the development of the micro-
vascularity over time. Helical scans were per-
formed using a GE Lightspeed 16-slice scanner
(General Electric, Milwaukee, Wis.) set to per-
form 0.625-mm slices using a 0.5-second rota-
tion time. Each scan was set to 80 kVp and the
current ran at 300 mA.

Static Computed Tomographic Scanning
The barium-gelatin mixture was prepared by

warming 100 ml of normal saline to 40°C and
adding 3 g of gelatin while stirring continuously.
This was followed by slowly adding 40 g of barium
sulfate. This solution was then injected into the
investigated perforator artery/vein using the Har-
vard precision pump running at 1 ml/minute un-
til the vascular tree was saturated (previously re-
paired leaks will start to leak and have to be
recauterized). The flaps were then frozen for at
least 24 hours before computed tomographic
scanning.

Three- and four-dimensional images were
viewed using the TeraRecon Aquarius worksta-
tion, version 3.2.2.1 (TeraRecon, Inc., San Mateo,
Calif.). The volume-rendering function allowed us
to produce clear and accurate images of the sim-
ulated flaps.

RESULTS
The supraclavicular artery island flaps were

found to have a mean length of 24.2 cm and a
mean width of 8.7 cm. The mean area measured
was 152.8 cm2. The mean diameter of the supra-
clavicular artery was 1.33 mm. It was found 3.6 �
0.8 cm above the clavicle and 8.6 � 0.3 cm from
the sternoclavicular junction. The supraclavicular
artery was found to perfuse the whole skin paddle
in nine flaps (Figs. 1 and 2). One of the flaps was
perfused only 50 percent (Fig. 3). In this case, the
pedicle artery was found to be much smaller than
the other flap pedicles (0.7 mm).

Direct linking vessels and recurrent flow via the
subdermal plexus were found to convey the flow of
contrast between adjacent perforators (Figs. 4
through 6). This allows the capture of adjacent areas
through an inter-perforator flow mechanism. This
explains how perfusion is maintained all the way to
the distal periphery of the flap.
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Fig. 1. Three-dimensional computed tomographic angiogram of a su-
praclavicular flap (anteroposterior view). The flap was infused almost
100 percent.

Fig. 2. Three-dimensional computed tomographic angiogram of a su-
praclavicular flap (anteroposterior view). The flap was infused almost
100 percent.

Fig. 3. Three-dimensional computed tomographic angiogram of a supracla-
vicular flap (anteroposterior view). This flap was perfused only 50 percent on
contrast injection.

Volume 125, Number 2 • Supraclavicular Artery Island Flap

527



Perfusion follows the axiality of linking ves-
sels, and these linking vessels follow the axiality
of the limb. This is demonstrated in four di-
mensions. (See Videos, Supplemental Digital
Content 1, which demonstrates four-dimensional

computed tomographic angiography of flap 1,
http://links.lww.com/PRS/A126, and Supplemental
Digital Content 2, which demonstrates four-di-
mensional computed tomographic angiography
of flap 3, http://links.lww.com/PRS/A127).

Fig. 4. Lateral view of supraclavicular flap. Communication between adjacent per-
forators demonstrated by means of recurrent flow through the subdermal plexus.
Yellow arrow shows the direction of flow.

Fig. 5. Lateral view of supraclavicular flap demonstrating direct linking vessels
between perforators. Yellow arrow shows the direction of flow.

Fig. 6. Linking vessels are found to communicate between adjacent
perforators.
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We have found that perfusion studies involv-
ing cadaveric tissue underestimate the extent of
vascular territory in vivo. Therefore, clinically, the
flap could possibly be extended to beyond the
margins of the deltoid muscle in most cases.

DISCUSSION
The supraclavicular artery is a branch of the

transverse cervical artery. Less frequently, the su-
praclavicular artery may arise from the suprascap-
ular artery, which may be smaller. The arterial
vessel averages 1.0 to 1.5 mm in diameter and is
constantly joined by one or two major concomi-
tant veins. Lamberty8 found this vessel constantly
in 30 fresh cadavers examined as the superficial
branch of the superficial transverse cervical artery,
later named the supraclavicular artery.

An elegant anatomical dissection study was
performed by Abe et al.9 They showed that the
supraclavicular artery mean diameter varied from
1.1 to 1.5 mm, and that the pedicle length ranged
from 1 to 7 cm and was present 80 percent of the
time (n � 55). Two-thirds of the vessels were found
not to have crossed the clavicle. The venous drain-
age is usually through the accompanying trans-
verse cervical vein.

Pallua and Magnus Noah6 studied the supra-
clavicular artery in 19 cadavers. In all specimens,
they found the supraclavicular artery to arise 3 to
4 cm from the origin of the transverse cervical
artery. Examination of the skin landmarks re-
vealed that the artery exited 3.0 � 0.7 cm above
the clavicle at a distance of 8.2 � 1.7 cm from the

sternoclavicular joint and approximately 2.1 � 0.9
cm dorsal to the sternocleidomastoid muscle. The
mean diameter of the artery was 0.15 � 0.034 cm.
They used India ink to demonstrate which skin
region was supplied by the supraclavicular artery.
In all cases, the vascular territory extended from
the supraclavicular region to the shoulder cap.
They noted that the distal part of the angiosome
was on the ventral surface of the deltoid muscle.
The area of this angiosome ranged from 10 � 22
cm to 16 � 30 cm.

Three- and four-dimensional computed tomo-
graphic angiography has been used to investigate
the anatomy and perfusion of various other flaps
in the axial, coronal, and sagittal views in cadaveric
flaps.10–12 No studies to date have evaluated the
vascular anatomy of this flap using computed to-
mographic angiography. Our results show that
with an adequately sized supraclavicular artery,
the entire flap is based on its flow. We have also
shown that the distal part of the flap is dependent
on interperforator flow from direct linking vessels
and recurrent flow through the subdermal plexus.

The phenomenon of recurrent flow through
the subdermal plexus was first noted by Moon and
Taylor in the transverse abdominal adipocutane-
ous paddle perfused by the deep superior epigas-
tric artery,13 and was seen by Alkureishi et al. in their
study of the arterial anatomy of the anterolateral
thigh flap in specimens following diaphanization.14

The study published recently by Schaverien et al.
on the anterolateral thigh perforator flap is the first
study in which it has been demonstrated dynami-
cally, and it appears to be an important mechanism
of flap perfusion.12 This supports the perforasome
theory, where the perforasome is defined as the vas-
cular territory of a single perforator, and perfusion
of a flap is conveyed through these methods of in-
terperforator communications.15

A weakness of this study is the use of cadaveric
flaps. We know from prior cadaveric perfusion
studies that the vascular territory is most likely
underestimated. However, the dynamic three-di-
mensional imaging method used in this study
more closely models in vivo effects than has been
achievable previously. The margins of the flap could
likely be extended to beyond that of the deltoid
muscle. The four-dimensional computed tomo-
graphic angiograms demonstrating the injection of
the supraclavicular artery (see Video 1, Supplemen-
tal Digital Content 1, http://links.lww.com/PRS/A126,
and Video 2, Supplemental Digital Content 2,
http://links.lww.com/PRS/A127) showed the direc-
tion of flow as away from the trunk (proximal to
distal), highlighted by the orientation of the

Videos. Supplemental Digital Content 1 demonstrates four-
dimensional computed tomographic angiography of flap 1,
http://links.lww.com/PRS/A126. Supplemental Digital Con-
tent 2 demonstrates four-dimensional computed tomographic
angiography of flap 3, http://links.lww.com/PRS/A127.
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larger vessels. The density of the capillaries filled
with contrast was interpreted as areas of optimal
perfusion, and were more frequently found in the
proximal regions of the flaps.

Recently, Ma et al.16 investigated a pectorally ex-
tended supraclavicular flap. Microangiograms of
their flap showed that there were extensive anasto-
moses with perforators of the thoracoacromial artery
and the second and third perforators of the internal
thoracic arteries. Their vascular territory flap ex-
tended from a width of 18 cm and a length of 20 cm.

One of the senior authors (E.S.C.) has recently
published his clinical experience with this flap.17

He frequently will obtain a computed tomo-
graphic angiogram of the head and neck to eval-
uate the supraclavicular artery. Figures 7 and 8 are

examples from a 25-year-old medical student who
underwent contrast bolus–enhanced computed
tomographic angiography of the head and neck.
Helical scans were performed using a 64-slice
Toshiba Aquilion scanner (Toshiba America, Tus-
tin, Calif.) at 0.5-mm acquisitions. Two- and three-
dimensional images were viewed using a Vitrea
workstation with software version 4.1.0.0 (Vital Im-
ages, Inc., Minnetonka, Minn.). The thyrocervical
trunk is seen branching off of the subclavian ar-
tery. The supraclavicular artery is clearly seen
branching off of the thyrocervical trunk. The di-
ameter of the supraclavicular artery is 1.3 mm.

The supraclavicular artery island flap has been
used successfully for difficult facial reconstruction
cases, providing acceptable results without using
microsurgical techniques. Its utility has been dem-
onstrated in reconstructing a variety of head and
neck oncologic defects that normally require tra-
ditional regional or free flaps to repair surgical
wounds. In our study, we were able to provide a
better understanding of the vascularization of this
flap.

Michel Saint-Cyr, M.D.
Department of Plastic Surgery

University of Texas Southwestern Medical Center
1801 Inwood Road

Dallas, Texas 75290-9132
michel.saintcyr@utsouthwestern.edu
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The Extended Transverse Musculocutaneous Gracilis Flap
Vascular Anatomy and Clinical Implications

Corrine Wong, MRCS, Ali Mojallal, MD, Steven H. Bailey, MD, Andrew Trussler, MD,
and Michel Saint-Cyr, MD

Background: The transverse musculocutaneous gracilis (TMG) flap has
been used in autologous breast reconstruction, but disadvantages include a
small flap volume; therefore, it is only used in small-to-moderate breast
reconstructions. We investigated the vascular territory of this flap and the
possibility of extending its dimensions.
Methods: Ten circumferential thigh adipocutaneous flaps attached to the
gracilis muscle were harvested from adult cadavers. The following parame-
ters were recorded: diameter and length of pedicles, distance of pedicles from
pubis, and number and locations of cutaneous perforators. The major
pedicles were injected with contrast and subjected to 3-dimensional com-
puted tomography scanning. Images were viewed using both General Elec-
trics and TeraRecon systems, and the vascular territories were measured.
Flaps were then incised to include only tissue that was perfused with
contrast, and measured for weight and volume.
Results: The major pedicle had a mean length of 6.7 cm, diameter of 2.2
mm, and distance from pubis of 8.6 cm. There was a mean of 4.3 cutaneous
perforators associated with this flap. Three-dimensional images from contrast
injection of the major pedicle showed a cutaneous vascular territory that
extended more posteriorly than anteriorly, and had a vertical component.
Tissue perfused with contrast had a mean weight of 573 g and volume of 617
mL. Two clinical cases were included to show applications of the extended
TMG flap.
Conclusion: The dimensions of a TMG flap can be increased horizontally
(superoposterior thigh) as well as vertically. The vertical portion can be
harvested either by undermining the skin inferior to the lower transverse skin
incision or by raising a trilobed skin paddle to harvest even more tissue from
the medial thigh.

Key Words: extended transverse upper gracilis flap, angiosome

(Ann Plast Surg 2011;67: 170–177)

There are currently multiple options for breast reconstruction.
Possible autologous tissue transfers include latissimus dorsi,

transverse rectus abdominis myocutaneous,1 deep inferior epigastric
perforator,2,3 superficial inferior epigastric artery,4 superior gluteal
artery perforator,5,6 inferior gluteal artery perforator,6,7 and lumbar
artery perforator flaps.8 The transverse musculocutaneous gracilis
(TMG) flap has gained popularity, especially in Europe, because of
its many advantages.9,10 These include a reliable vascular anatomy,
a faster and simpler dissection compared with other flaps, no need

for patient repositioning, minimal donor function loss, and since the
transverse orientation of the flap was described,11 a discrete scar that
also helps to lift the medial thigh.

However, 1 major disadvantage is the lower flap volume
compared with abdominal- and gluteal-based flaps. Therefore, the
TMG flap has traditionally only been used to reconstruct small-
to-moderate-sized breasts. Modifications to increase this have in-
cluded harvesting the flap from a more posterior location using the
bulkier posterior thigh tissue.12–14 In addition, Fattah et al have also
taken to undermining the skin and using the superficial fat of the
thigh distal to the inferior border of the transverse skin paddle. Peek
et al described the vertically orientated extended gracilis perforator
flap (which precludes the gracilis muscle), which is made possible
by preserving the intramuscular connection between the major and
minor pedicles, thus recruiting the neighboring angiosome of the
minor pedicle.15 Vega et al have included a vertical portion to form
an L-shaped flap in their bid for a larger gracilis flap.16 The heaviest
flaps have been reported to be 420 to 576 g.14,17 Volumes of 180 to
550 mL have been recorded by Schoeller et al.13 The largest skin
paddles were 30 � 10 cm.13,17 Even with these maneuvers, sur-
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TABLE 1. Measurements of the Major and Minor Pedicles
of the Gracilis Muscle

Major Pedicle
(SD, Range)

Minor Pedicle
(SD, Range)

Distance from pubis/cm 8.57 (0.76, 7.6–9.8) 23.32 (1.11, 21.8–26.0)

Mean length of pedicle/cm 6.69 (0.48, 6.0–7.4) 4.09 (0.78, 2.8–5.3)

Mean arterial diameter/mm 2.24 (0.32, 1.8–2.8) 1.55 (0.33, 0.9–1.9)

Mean venous diameter/mm 2.33 (0.29, 2.0–2.8) 1.83 (0.11, 1.7–2.0)

SD indicates standard deviation.

FIGURE 1. Photograph of cadaveric anterior thigh tissue,
including sartorius and gracilis muscles. The minor pedicle of
the gracilis was found to have a common arterial input with
a large pedicle of the sartorius in all cases.
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geons still occasionally have to resort to “doubling up” bilateral
TMG flaps for one breast to make up sufficient volume.13,14

Our study uses 3-dimensional (3D) computed tomography
(CT) angiography, barium-gelatin solution, and anatomic dissection
to ascertain the vascular territory of the major pedicle of the gracilis
muscle. This will help in deciding whether extension beyond the
traditional margins of the TMG flap is possible, thereby increasing
its volume.

METHODS AND MATERIALS
Ten circumferential thigh adipocutaneous flaps attached to

the gracilis muscle were harvested from fresh adult cadavers ac-
quired through the Willed Body Program at the University of Texas

Southwestern Medical Center. An incision was made in the midlat-
eral thigh, and the flap was harvested from lateral to medial (for both
anterior and posterior). The margins of the adipocutaneous flap were
the midlateral thigh, groin crease, gluteal crease, and superior
patella. Specimen dissection was performed under loupe magnifica-
tion. The minor pedicle of the gracilis was ligated. The following
parameters were recorded during dissection: diameter of major and
minor vascular pedicles, length of pedicles, distance of pedicles
from pubis, and number and locations of cutaneous perforators.
Thigh width was defined as the length between the midlateral and
midmedial lines of each thigh.

3D CT Scanning
The major pedicles were cannulated and injected with a dilute

methylene blue solution to enable all vascular leaks to be sealed,
either through bipolar diathermy or suture ligation. After we were
satisfied with the repair of leaks, the major pedicle was then injected
with contrast and subjected to 3D CT scanning.

A barium-gelatin mixture was prepared by warming 100 mL
of normal saline to 40°C, and adding 3 g of gelatin while stirring
continuously. This is followed by slowly adding in 40 g of barium
sulfate.18 This solution is then injected into the major pedicle using
a Harvard precision pump running at 1 mL/min until the vascular
tree is saturated (previously repaired leaks will start to leak and have
to be recauterized). The flaps are then frozen for at least 24 hours
before CT scanning.

Three-dimensional images were viewed using the TeraRecon
Aquarius workstation (TeraRecon Inc, version 3.2.2.1). The volume
rendering function allowed us to produce clear and accurate images
of the simulated flaps. This software also allowed us to perform
measurements such as length and area of the images produced.
Comparison of vascularity extension from midmedial thigh anteri-

TABLE 2. Perforators Dissected

Flap No. Perforators MC SC

1 8 4 4

2 3 3 0

3 4 4 0

4 3 1 2

5 3 2 1

6 4 3 1

7 6 4 2

8 3 3 0

9 5 3 2

10 4 3 1

Total 43 30 13

MC indicates musculocutaneous; SC, septocutaneous.

FIGURE 2. Location of gracilis perforators that are 0.5 mm or larger (n � 26). X-axis refers to distance from pubis, as a rela-
tive length of the gracilis. Y-axis refers to the distance from the anterior border of the gracilis muscle (perforators located at 0
are septocutaneous).
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orly and posteriorly was calculated using the paired student t test on
Microsoft Excel.

Weight and Volume
After CT scanning, the flaps were incised to include only

tissue that was perfused with contrast. This was done initially by
viewing the images and measuring the extent of the vascular terri-
tory from the major pedicle, and then while making incisions,
looking out for the white barium-gelatin contrast still in the tissue
vasculature (contrast is solidified after freezing). This “perfused”
tissue is then measured for weight and volume.

RESULTS
The mean muscle length was 35.4 cm. The mean muscle

widths at the major and minor pedicles were 5.4 and 2.7 cm,
respectively. The recorded measurements of the major and minor

pedicles are summarized in Table 1. The minor pedicle of the
gracilis was found to have a common arterial input with a large
pedicle of the sartorius in all cases (Fig. 1).

A total of 43 perforators were dissected, with median of 4
cutaneous perforators per flap, range 3 to 8 (Table 2). The mean
external diameter of the perforators was 0.61 mm. Locations of the
perforators that are 0.5 mm or larger are mapped out in Figure 2
(n � 26). The majority of the musculocutaneous perforators 0.5 mm
or larger was found at 14% to 45% of the relative length of the
gracilis muscle (0 is origin of muscle from pubic tubercle) and 7 to
38 mm from the anterior border of the gracilis. The septocutaneous
perforators were found anterior to the gracilis muscle (0 on the
y-axis of Fig. 2) and were located 24% to 74% of the relative length
of the gracilis muscle.

Tissue perfused with contrast had a mean weight of 573 g
(range: 313–812 g) and volume of 617 mL (range: 330–850 mL).

FIGURE 3. Left, Photograph of cadaveric circumferential thigh tissue, including the gracilis muscle. The margins of the flap are
the midlateral thigh, groin crease, gluteal crease, and superior patella. Right, 3D CTA image of the flap. The red dotted lines
depict the margins of the gracilis muscle. Contrast injection of the major gracilis pedicle showed a cutaneous vascular territory
that extended more posteriorly than anteriorly.

FIGURE 4. Second example of a 3D CTA of the circumferen-
tial thigh skin. Contrast injection of the major gracilis pedicle
showed a cutaneous vascular territory that extended more
posteriorly than anteriorly.

FIGURE 5. Three-dimensional CTA of the circumferential
thigh skin, with removal of gracilis muscle. This demon-
strates the vascularity of the adipocutaneous tissue above
the muscle.
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3D CT Angiography (CTA)
Three-dimensional images from contrast injection of the

major gracilis pedicle showed a cutaneous vascular territory that
extended more posteriorly than anteriorly (Figs. 3–5). The extent
of cutaneous perfusion on the posterior thigh was found to be a
mean of 65% of the thigh width. Maximum was 95% of posterior
thigh width. In comparison, contrast perfusion in the anterior
thigh was found to extend to merely 38% of the thigh width, P �
0.05 (Table 3).

Presence of contrast was also more concentrated in the
superior half of the thigh, and extended inferiorly only in the tissue
overlying the distal the gracilis muscle (Figs. 5, 6). Contrast perfu-
sion was also frequently found in the vascular territory of the
sartorius muscle (Fig. 7).

CLINICAL EXAMPLES

Case 1
A 41-year-old patient presented with bilateral severe capsular

contractures of previously reconstructed breasts with latissimus
dorsi flaps and implants after mastectomies for breast cancer (Fig.

8). The patient’s abdomen was not suitable as a flap donor site;
therefore, bilateral extended TMG flaps were performed after re-
moval of both breast implants and capsulectomies. The larger
extended TMG flap had a transverse skin paddle measuring 38 � 10
cm, with the distance between the posterior border of the gracilis
muscle and the posterior tip of the flap measuring 20 cm. Both great
saphenous veins were preserved during flap harvests. The superior
incision of the skin paddles were continued along the infragluteal
creases. We undermined the distal thigh skin beyond the inferior
skin incisions to recruit further subcutaneous tissue to increase the
bulk of the flap14 (Fig. 9). The gracilis pedicles were dissected all

TABLE 3. Extent of Cutaneous Perfusion Based on Injection of Contrast Into Major Gracilis Pedicle

Flap
Thigh

Width*/mm

Extent of Perfusion†

on Posterior
Thigh/mm

Extent of Perfusion†

on Anterior
Thigh/mm

Posterior Perfusion
as Percentage of

Thigh Width‡

Anterior Perfusion
as Percentage

of Thigh Width‡

1 267 167 88 62.8 33.2

2 215 157 147 72.9 68.2

3 198 124 60 62.6 30.5

4 193 96 53 49.9 27.3

5 215 205 96 95.3 44.7

6 272 166 100 61.0 36.8

7 301 131 103 43.5 34.4

8 287 173 111 60.3 38.7

9 218 158 82 72.5 37.5

10 248 170 78 68.6 31.2

Mean 241.4 154.8 91.8 64.9 38.2

SD (range) 39 (193–301) 30 (96–173) 27 (53–147) 14.1 (43.5–95.3) 11.6 (27.3–68.2)

*Thigh width was defined as the length between the midlateral and midmedial lines of each thigh.
†Transversely, medial to lateral direction.
‡P � 0.05, using the paired student t test.
SD indicates standard deviation.

FIGURE 6. Lateral view of a 3D CTA of the thigh skin, with
overlying gracilis muscle. Note the numerous perforators
running from the muscle to the dermis, especially in the
superior region.

FIGURE 7. Three-dimensional CTA of circumferential thigh
skin, with contrast injection into the major pedicle of the
gracilis muscle. Contrast perfusion was sometimes found in
the vascular territory of the sartorius muscle.
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the way up to its origin from the femoral artery, and measured 7 cm
in length in both cases. The external diameters of the arteries were
1.7 to 1.8 mm, and the veins were 2.0 to 2.5 mm. Both flap pedicles
were anastomosed to the contralateral internal mammary arteries
and veins. The smaller flap weighed 585 g, and the larger was 745 g.
Each flap was turned 180 degrees onto itself to form a “teardrop,”
and shaped to become a breast mound (Fig. 10). Nipple reconstruc-
tion was also performed on-table both times (Fig. 11). The patient’s
length of stay was 3 days postoperatively. She suffered no compli-
cations, and both flaps as well as both donor sites all healed well
(Figs. 12, 13).

Case 2
A 48-year-old patient presented with right-sided breast cancer

and required prophylactic mastectomy for her left breast (Fig. 14). A
bilateral skin-sparing mastectomy and immediate reconstruction
with extended TMG flaps were planned. To harvest further tissue
from the medial thigh, trilobed TMG flaps were raised (Figs. 15, 16),
with beveling of the edges between the horizontal and vertical limbs.
The posterior tips of the flaps did not extend past the posterior thigh
midline. The harvested flaps weighed 560 g for the right side, and
760 g for the left. The larger flap measured 35 cm horizontally and

FIGURE 10. The flap was turned 180 degrees onto itself to
form a “teardrop” shaped breast mound. Immediate nipple
reconstruction can also be performed on-table.

FIGURE 11. Side view of reconstructed left breast with ex-
tended TMG flap immediately postoperatively.

FIGURE 12. Postoperative photograph of patient with ex-
tended TMG flaps for bilateral breast reconstruction.

FIGURE 8. Preoperative photograph of patient with severe
bilateral breast capsular contractures.

FIGURE 9. TMG flap after ligation of the pedicle. Extension
of the flap can be in the horizontal direction (lower buttock
region) and in the vertical direction (subcutaneous tissue
overlying gracilis muscle).
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18 cm vertically. The vertical and posterior limbs were sutured
together side-by-side. The anterior limb was placed under the flap to
form the deep section of the breast mound, thus providing medial
fullness and better projection. The flaps were deepithelialized except
for the nipple-areolar area and inset beneath the skin-sparing mas-
tectomy flaps. Her length of stay in hospital was 5 days. One week

later, she presented for follow-up with a 80-mL seroma in her right
breast, which was aspirated, and she had no further problems with
the flaps or donor sites (Figs. 17, 18).

DISCUSSION
Our study could be considered as an investigation of the

angiosome of the medial circumflex femoral branch providing the
pedicle to the gracilis muscle. We have found that in our perfusion
studies involving cadaveric tissue, they always underestimate the
true extent of perfusion in vivo.19–24

The TMG flap was originally designed to be centered over the
major pedicle.9–11 However, since then, other authors have reported
placing the flap more posteriorly.13,14 Reasons cited were to mini-
mize visible scarring anteriorly and the possibility of harvesting a
greater volume of adipose tissue. Schoeller et al introduced the
Siamese flap combining the TMG and infragluteal flaps25 for extra-
large reconstructions. Intraoperatively, they noted that even after the
division of the infragluteal pedicle, this extra-large flap was still
bleeding at the wound edges, which was not surprising in light of
the results of our study, in which the cutaneous vascular territory of
the major pedicle of the gracilis was found to be concentrated in the
superoposterior region of the thigh. A study of Yousif et al showed
that vascularity of the TMG flap is orientated transversely, and
branches of perforators traveled more than 5 cm beyond the poste-
rior margin of the gracilis muscle.11 The results of 3D CT demon-
strate that posterior thigh perfusion extends up to a mean of 65% of
thigh width. This is advantageous, as not only is the posterior thigh
tissue better vascularized than the anterior, but it is also thicker and
can give greater flap bulk. However, although we have had success-

FIGURE 13. Left, Preoperative photograph of the donor sites. Right, Postoperative photograph, demonstrating that the donor
sites on the inner thighs do not result in any contour deformity, and can even help to confer a better silhouette.

FIGURE 14. Preoperative photograph of patient in Case 2.

FIGURE 15. Trilobed TMG flap marked out on the medial
thigh.

FIGURE 16. Trilobed TMG flap laid out flat.
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ful TMG flaps extending past the posterior thigh midline, we have
ceased to routinely use tissue past this level (as in Case 2). This was
due to some cases of fat necrosis, which occurred in the area
harvested past the thigh midline.

Perfusion was also found to extend downward, in the area
overlying the distal gracilis muscle. In the study, Peek et al demon-
strated this too, in their extended gracilis perforator flaps, by main-
taining the intramuscular anastomosis between the major and minor
pedicles, thus recruiting the angiosome of the minor pedicle.15

These interpedicle connections were preserved in all our speci-
mens as whole gracilis muscles were harvested with the flaps. We
took advantage of the inferior perfusion by adding a vertical
component to our extended TMG flaps, either by recruiting the

inferior subcutaneous fat (from undermining the skin inferior to
the lower incision) or by taking the skin as well, resulting in a
modified “fleur-de-lys” skin paddle (Figs. 15, 16). For the former
method, harvesting the medial thigh fat is limited more by closure
than by vascularity. Removing excessive tissue may not only reduce
padding and potentially cause a contour deformity but also increase
the likelihood of skin flap ischemia (from excessive thinning) that
causes necrosis and poor wound healing.

The latter method gives a trilobed flap, and this allows harvest
of even more volume for the flap. We encourage using a beveling
technique when dissecting the edges between the horizontal and
vertical limbs (resulting in less of a T-shape and more of a triangle
when viewing the underside of the flap). This is done to avoid
resection of the linking vessels between the horizontal and vertical
limbs, thus ensuring survival of the flap tips. The trilobed TMG flap
can also result in improved contouring of the medial thigh. Recent
medial thighplasty techniques have incorporated a vertical incision
for removal of redundant skin.26,27 This results in a horizontal pull
medially, and allows for both skin and thigh circumference reduc-
tion. The downside of this, of course, is a more noticeable scar,
whereas the undermining method maintains a transverse scar only.
The functional loss of the gracilis muscle would not be different
compared with the usual TMG flap, which is minimal.

CONCLUSIONS
The dimensions of a TMG flap can be increased, both hori-

zontally (superoposterior thigh) and vertically. The vertical portion
can be harvested either by undermining the skin inferior to the lower
transverse skin incision or by raising a trilobed skin paddle to
harvest even more tissue from the medial thigh. With these modi-
fications, the TMG flap can achieve greater volume and be applied
to larger breast reconstructions.
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RECONSTRUCTIVE

The Perforasome Theory: Vascular Anatomy
and Clinical Implications

Michel Saint-Cyr, M.D.
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Background: A clear understanding of the vascular anatomy of an individual
perforator relative to its vascular territory and flow characteristics is essential for
both flap design and harvest. The authors investigated the three-dimensional
and four-dimensional arterial vascular territory of a single perforator, termed a
“perforasome,” in major clinically relevant areas of the body.
Methods: A vascular anatomy study was performed using 40 fresh cadavers. A
total of 217 flaps and arterial perforasomes were studied. Dissection of all
perforators was performed under loupe magnification. Perforator flaps on the
anterior trunk, posterior trunk, and extremities were studied. Flaps underwent
both static (three-dimensional) and dynamic (four-dimensional) computed
tomographic angiography to better assess vascular anatomy, flow characteristics,
and the contribution of both the subdermal plexus and fascia to flap perfusion.
Results: The perfusion and vascular territory of perforators is highly complex
and variable. Each perforasome is linked with adjacent perforasomes by means
of two main mechanisms that include both direct and indirect linking vessels.
Vascular axis follows the axiality of linking vessels. Mass vascularity of a perfo-
rator found adjacent to an articulation is directed away from that same artic-
ulation, whereas perforators found at a midpoint between two articulations, or
midpoint in the trunk, have a multidirectional flow distribution.
Conclusions: Each perforator holds a unique vascular territory (perforasome).
Perforator vascular supply is highly complex and follows some common guide-
lines. Direct and indirect linking vessels play a critical part in perforator flap
perfusion, and every clinically significant perforator has the potential to become
either a pedicle or free perforator flap. (Plast. Reconstr. Surg. 124: 1529, 2009.)

Increased knowledge of vascular anatomy has in-
evitably led to innovations in flap design and use
in the clinical arena. The evolution of random-

pattern flaps to fasciocutaneous flaps to myocutane-
ous flaps and finally to the perforator flaps has fol-
lowed a linear progression, largely because of the
pioneering vascular anatomy studies produced by
Manchot, Salmon, Cormack, Lamberty, Taylor,
Palmer, Morris, Tang, and others.1–8 The informa-
tion derived from such work has fueled an evolution
in flap design and clinical applications. The ultimate
goal of reconstruction is to match optimal tissue
replacement with minimal donor-site expenditure
while maintaining function. Perforator flaps meet
these goals and are the result of over 30 years of
evolution in flap refinements and design.

In conjunction with our increased knowledge
of vascular anatomy of perforator flaps, their clin-
ical use has been pioneered by the works of Ko-
shima et al.9–16 The perforator flap era began in
1989, when Koshima and Soeda first described an
inferior epigastric artery skin flap with the rectus
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abdominis muscle for reconstruction of floor-of-
mouth and groin defects.9 These authors noted
that a large skin flap could survive without muscle,
based on a single perforator. Kroll and Rosenfield
also suggested that perforator flaps combined the
reliable blood supply of myocutaneous flaps with-
out deteriorating donor-site morbidity.17 Numer-
ous other authors and pioneers in the field of
perforator flap surgery have also been instrumen-
tal in providing us with further clinical experience
and expertise in the harvest of perforator flaps.
Among these authors are Allen, Blondeel, Kroll,
Koshima, Angrigiani, Hallock, Neligan, Morris,
Wei, and many others.17–23

In essence, any clinically relevant perforator
has the potential to be harvested as either a pedi-
cle perforator flap or a free flap, depending on the
diameter and length of the source artery and vein.
With over 350 perforators in the body, a myriad of
options exist for either traditional or free-style
perforator flaps. The only limiting factors are the
length and diameter of the source vessels for a
free-style free flap, and the location of the pivot
point perforator relative to the defect for pedicle
perforator flaps. To further advance the evolution
of perforator flaps, it is essential to understand the
vascular anatomy of an individual perforator rel-
ative to its vascular territory and flow characteris-
tics. Knowledge of the direction and the axiality of
flow within the tissue is also of prime importance
when designing perforator flaps, whether pedi-
cled or free.

Although Taylor and Palmer have been in-
strumental in increasing our knowledge of vas-
cular anatomy by means of the angiosome con-
cept, this theory is based on the vascular supply
of source arteries.3,5,24 In the dawning of an era
of perforator flaps, the impetus of vascular
knowledge has shifted from the source artery to
the perforator itself. A further consideration is to
determine the dynamic vascularity of perforator
flaps compared with whole body static imaging,
which does not provide an accurate description of a
single perforator’s vascular distribution and flow
characteristics.

To truly understand and determine a single
perforator’s vascular territory, this perforator
must be cannulated and injected individually. This
is clinically relevant, as many perforator flap de-
signs are based on a single perforator. Therefore,
knowledge of the axiality of blood flow, connec-
tions with adjacent perforators, and contribution
of the subdermal plexus and fascia are all vital
when designing perforator flaps.

This study represents the accumulation of 3
years of research on the vascular anatomy of per-
forator flaps,25–28 and over 200 flaps were studied
in combination with static and dynamic computed
tomographic angiography imaging. Note that
most flaps involved perforators that were individ-
ually cannulated to assess the individual perfora-
tor vascular territories, which we have termed a
“perforasome” (arterial) (Fig. 1). Others had the
source vessel injected (e.g., radial and deep infe-
rior epigastric artery) to study orientation of link-
ing vessels between perforators. The goals of this
study are to report arterial perforasomes in the
body to better guide perforator flap design in clin-
ical use.

MATERIALS AND METHODS
A vascular anatomy study was performed using

40 fresh cadavers acquired through the Willed
Body Program at the University of Texas South-
western Medical Center. A total of 217 flap per-
forasomes were studied. All of these were fresh
cadaveric specimens, and dissection of all perfo-
rators was performed under loupe magnification.

Injection of a dilute methylene blue solution
through all perforators enabled identification of
the latter and also allowed identification of any
leaking in the periphery of the flap or undersur-

Fig. 1. Perforators have a distinct arterial and venous vascular
territory. This image depicts the vascular arterial anatomy of a
perforasome. Note the dense vascular network centered around
the perforator that decreases progressively toward the periph-
ery. Large linking vessels branch peripherally in multiple direc-
tions away from the perforator origin.
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face of the flap. Perforator flaps on the anterior
trunk studied were the internal mammary artery
perforator flap, the superior epigastric artery per-
forator flap, the deep inferior epigastric artery
perforator flap, and supraclavicular artery perfo-
rator flap. Posterior trunk flaps included the tho-
racodorsal artery perforator flap, the posterior in-
tercostal artery perforator flap, the lumbar artery
perforator flap, and the superior gluteal artery
perforator and inferior gluteal artery perforator
flaps.

For the upper extremity, we studied the ulnar
artery perforator flap, the radial artery perforator
flap, and the posterior interosseous perforator
and the Quaba flaps (dorsal metacarpal artery per-
forator flap). In the lower extremities, we studied
the anterolateral thigh flap, the anteromedial
thigh flap, the anterior tibial artery perforator
flap, the peroneal artery perforator flap, and the
posterior tibial artery perforator flap.

All surgical landmarks relevant to the flap de-
sign were marked, and each perforator flap was
dissected based on the largest perforator originat-
ing from its own main source pedicle. After flap
dissection, the perforator was cannulated using a
24-gauge butterfly catheter (0.7 mm in diameter)
(BD Insyte; Becton-Dickinson SA, Madrid, Spain).
Methylene blue solution was infiltrated into the
flap to identify vascular leaks, which were then
either coagulated using bipolar cautery or ligated
using silk sutures. The use of surgical clips was
avoided to prevent computed tomographic an-
giography artifact.

Flap Harvesting Technique
Skin flaps on the trunk, such as internal mam-

mary artery perforator, posterior intercostal artery
perforator, and superior and inferior gluteal ar-
tery perforator flaps, were harvested from midline
to midaxillary line. The abdominal flaps and lum-
bar flaps encompassed the midline to determine
perforator cross-over through the midline.

For upper and lower extremities, skin incisions
were made opposite the source artery of interest
(e.g., on the ulnar side of the forearm if radial
artery perforators were studied). Borders of flaps
were the most distal and proximal articulations.

For the anterior trunk, a total of 26 internal
mammary artery perforator flaps were injected.
Flaps were harvested by dissecting the complete
anterior chest wall skin from the midline to the
midaxial line laterally and from the supraclavic-
ular region superiorly to the costal chondral mar-
gin inferiorly.

A total of 73 abdominal flaps were injected for
the study of deep inferior epigastric artery perfo-
rators (n � 60) and superior epigastric artery per-
forators (n � 13). Analysis of the superior epigas-
tric artery perforator flap was performed by
harvesting skin along the superior epigastrium,
and evaluation of the deep inferior epigastric ar-
tery perforators was performed by harvesting the
totality of the abdominal skin flap with cannula-
tion of individual perforators from the lateral and
medial row.

For the posterior trunk, complete hemiback
flaps were harvested to analyze the vascular anat-
omy of the thoracodorsal artery flap19 and poste-
rior dorsal intercostal artery perforator flap.11 The
whole lumbar skin (no incision through the mid-
line) was harvested from the level of T12 to the
level of the iliac crest to study the lumbar artery
perforators.4 The lateral intercostal artery perfo-
rator flaps6 were analyzed using the same tech-
nique. For the gluteal region, eight elliptical skin
flaps were harvested from the midline to the iliac
crest. Perforators of the superior and inferior glu-
teal arteries were injected and examined.

We examined the anterior thigh by harvesting
the skin with midaxial incisions, laterally and me-
dially. The limits of the skin flap were the groin
crease superiorly and the suprapatellar region in-
feriorly. For the perforators of the posterior tibial
artery, anterior tibial artery, and peroneal artery,
circumferential skin was dissected from the leg,
with the incision performed directly 180 degrees
opposite the major source artery to maximize skin
territory.

Dynamic Computed Tomographic Scan
Protocol: Four-Dimensional Computed
Tomographic Angiography

Four-dimensional computed tomographic an-
giography is similar to three-dimensional com-
puted tomographic angiography but with the
added fourth element of time. Flaps are scanned
with contrast medium injected simultaneously
during a predetermined time interval to appreci-
ate the characteristics and distribution of vascular
perfusion. In contrast, three-dimensional com-
puted tomographic angiography involves scan-
ning flaps that have already been preinjected and
results in a static image only.

Before scanning, each flap was set in individ-
ual custom-designed Styrofoam trays to maintain
their shape and orientation (as the flap is scanned
at 30 degrees from vertical). The flaps were also
placed skin downward to avoid pressure on the
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pedicle and to minimize the risk of increased re-
sistance during vascular imaging and perfusion.
Iodinated contrast (Isovue; Bracco Diagnostics,
Inc., Princeton, N.J.) was heated to 37°C (to re-
duce viscosity and improve vascular filling) before
the syringe was filled. The volumes of contrast
medium required for flap imaging range from 2 to
5 ml, depending on flap size.

Single vessel/perforator injections were car-
ried out with a Harvard precision pump (PHD
2000; Harvard Apparatus, Inc., Holliston, Mass.)
running at 0.5 ml/minute, and the flaps were sub-
jected to dynamic computed tomographic scan-
ning using a GE Lightspeed 16-slice scanner (Gen-
eral Electric, Milwaukee, Wis.) set to perform
0.625-mm slices using a 0.5-second rotation time.
Each scan was set to 80 kVp and the current ran
at 300 mA. Scans were repeated at 0.125-ml incre-
ments (every 15 seconds) for the first 1 ml, and
then at 0.5-ml increments (every 60 seconds) for
the next 2 to 4 ml, thus giving us progressive
computed tomographic images over time.25–28

Static Computed Tomographic Scan
Protocol: Three-Dimensional Computed
Tomographic Angiography

The barium-gelatin mixture was prepared by
warming 100 ml of normal saline to 40°C and
adding 3 g of gelatin while stirring continuously.
This was followed by slowly adding 40 g of barium
sulfate.29 This solution was then injected into the
investigated perforator artery using the Harvard
precision pump running at 1 ml/minute until the
vascular tree was saturated (previously repaired
leaks would start to leak and had to be recauter-
ized or ligated). The flaps were then frozen for at
least 24 hours before computed tomographic
scanning.

Three- and four-dimensional images were
viewed using the TeraRecon Aquarius workstation
(version 3.2.2.1; TeraRecon Inc., San Mateo,
Calif.). The volume-rendering function allowed us
to produce clear and accurate images of the sim-
ulated flaps. Manipulation of static three-dimen-
sional images from different angles enabled us to
clearly visualize branching patterns of perforators
and the characteristics of their linking vessels. The
dynamic images demonstrated the axiality or pref-
erential direction of flow.

RESULTS
The perfusion and vascular territory of perfo-

rators is highly complex and variable. Neverthe-
less, some common principles have been repro-

duced throughout our multiple perforator
injection studies. When perforators are cannu-
lated individually, the flow is multidirectional, as
can be seen in Figure 2. Each perforator has its
own unique vascular arterial territory, which we
termed a perforasome (arterial).

First Principle
Each perforasome is linked with adjacent per-

forasomes by means of two main mechanisms that
include both direct and indirect linking vessels
(Fig. 3).

Direct linking vessels are large vessels that
communicate directly from one perforator to the
next and permit capture of adjacent perforasomes
through an interperforator flow mechanism.
Large filling pressures or perfusion pressures
through a single perforator can allow for large
perforator flap harvests, such as the extended an-
terolateral thigh flap.30,31 The linking vessels con-
nect multiple perforasomes to one another (Fig.
4). See Video, Supplemental Digital Content 1,
which shows a dynamic computed tomographic
angiography scan (anteroposterior view), demon-
strating perfusion from the anterolateral thigh
flap perforator to the anteromedial thigh perfo-
rator by means of large direct linking vessels,
http://links.lww.com/PRS/A97. Both direct and in-
direct linking vessels allow vascular connection
between adjacent perforators.

Fig. 2. Static computed tomographic angiography scan of an
arterial perforasome demonstrating multidirectional flow. Mul-
tiple direct linking vessels can be seen branching away from the
cannulated perforator. Yellow arrows show direction of flow.
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Supplemental Digital Content 2 shows the
same dynamic computed tomographic angiogra-
phy scan (anteroposterior view) demonstrating re-
verse perfusion from the anteromedial thigh per-
forator toward the anterolateral thigh perforator
after cannulation of the anteromedial thigh per-
forator, http://links.lww.com/PRS/A98. This dy-
namic computed tomographic angiography scan
demonstrates the bidirectional flow potential of

the direct and indirect linking vessels. Supplemen-
tal Digital Content 3 shows a dynamic computed
tomographic angiography scan (lateral view) dem-
onstrating flow by means of direct and indirect
linking vessels from the anterolateral thigh flap
perforator to the anteromedial thigh flap perfo-
rator, http://links.lww.com/PRS/A99. Note flow
through the communicating branch that links the
indirect linking vessel with the direct linking ves-
sel. Supplemental Digital Content 4 shows a dy-

Videos 1 through 4. InSupplementalDigitalContent1through4,
dynamic computed tomography angiography demonstrates per-
fusion from the anterolateral thigh flap perforator to the anterome-
dial thigh perforator and reverse perfusion after cannulation of the
anteromedial thigh perforator. Both direct and indirect linking ves-
sels allow vascular connection between adjacent perforators, and
the videos show the bidirectional flow that is possible via the com-
municating branches of these vessels, http://links.lww.com/PRS/
A97, http://links.lww.com/PRS/A98, http://links.lww.com/PRS/
A99, and http://links.lww.com/PRS/A100.

Fig. 3. Interperforator flow occurs by means of direct and indirect linking vessels. Direct linking vessels communicate directly with
an adjacent perforator to maintain perfusion, and travel within the suprafascial and adipose tissue layers. Indirect linking vessels
communicate with adjacent perforators by means of recurrent flow through the subdermal plexus. Communicating branches be-
tween direct and indirect linking vessels are also seen and help maintain vascular perfusion in case of injury.

Fig. 4. Dynamic computed tomographic angiography scan (lat-
eral view) showing the linking vessel between the anterolateral
thigh perforator (ALT) and the anteromedial thigh perforator
(AMT). Note recurrent flow from the subdermal plexus into a com-
municating branch that connects with a large direct linking ves-
sel. Flow through communicating branches is bidirectional;
therefore, if a vascular injury occurs to either direct or indirect
(subdermal plexus) linking vessels, perfusion is still maintained.
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namic computed tomographic angiography scan
(lateral view) demonstrating flow through direct
and indirect linking vessels from the anteromedial
thigh perforator to the anterolateral thigh perfo-
rator, http://links.lww.com/PRS/A100. This dy-
namic computed tomographic angiography scan
demonstrates the bidirectional flow that is possi-
ble through the direct and indirect linking vessels.
Note also that flow through the communicating
branches, which link both direct and indirect link-
ing vessels, can have bidirectional flow as well.

Perforasomes are also linked to one another
by indirect linking vessels or recurrent flow
through the subdermal plexus (Figs. 5 and 6).
These are similar to the choke vessels described by
Taylor. In reality, perforators give off oblique and
vertical branches to the subdermal plexus, and
recurrent flow from the subdermal plexus to ad-
jacent perforator oblique branches allows capture
of an adjacent perforasome by means of this re-
current flow.

These two patterns of flow are protective
mechanisms that ensure vascular connections be-
tween adjacent perforasomes in the event of a
vascular injury. We have also found multiple com-
municating branches that link the direct and in-
direct linking vessels themselves (Figs. 3 and 7).
These numerous communicating branches main-
tain vascular continuity between both the direct
and indirect linking vessels in the coronal, sagittal,
and transverse planes. These communicating
branches also confer an additional protective
mechanism to ensure vascular flow to the skin in
the event of damage to either direct or indirect
linking vessels.

Fig. 5. Interperforator flow occurs from the selected main per-
forator to multiple adjacent perforators by means of direct link-
ing vessels and indirect linking vessels (recurrent flow from sub-
dermal plexus). High perfusion pressures through the main
perforator opens multiple direct and indirect linking vessels and
allows perfusion of multiple other perforasomes. In this way,
large flaps such as the anterolateral thigh flap can be harvested
based on a single perforator.

Fig. 6. Lateral view of an indirect linking vessel that maintains perfusion from one perforator to the next by
means of recurrent flow from the subdermal plexus.
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Second Principle
Flap design and skin paddle orientation should

be based on the direction of the linking vessels,
which is axial in the extremities and perpendicular
to the midline in the trunk. Orientation of the link-
ing vessels corresponds to the orientation of maxi-
mal blood flow, and flap axis should ideally be de-
signed to respect this. Linking vessels in the
extremities follow the axiality of the involved
limb, whereas axiality of the posterior trunk and
chest usually follow the axiality of muscle fibers
and ribs (e.g., the thoracodorsal artery perfora-
tor flap and the internal mammary artery per-
forator flap) and are perpendicular to the mid-
line. See Video, Supplemental Digital Content 5,

which shows a dynamic computed tomographic
angiography scan (anteroposterior view) after
injection of contrast into a thoracodorsal artery
perforator, http://links.lww.com/PRS/A101. The
vascular territory of the thoracodorsal artery

Fig. 7. Transverse view of an abdominal flap, where a paraumbilical perforator
was injected with contrast to determine its perforasome. Direct and indirect
(recurrent flow through the subdermal plexus) linking vessels are demon-
strated. Communicating branches connect the direct and indirect linking ves-
sels. Yellow arrows show direction of flow.

Video 5. Supplemental Digital Content 5 shows a dynamic com-
puted tomographic angiography scan (anteroposterior view) af-
ter injection of contrast into a thoracodorsal artery perforator,
http://links.lww.com/PRS/A101 .

Fig. 8. Computed tomographic angiography scan (anteropos-
terior view) showing a radial forearm flap in which the radial ar-
tery was injected with contrast. Note multiple perforators
branching out radial and ulnar from the radial artery. Large direct
linking vessels can be seen coursing parallel to the axiality of the
limb, allowing perfusion between perforators. Yellow arrow
shows direction of flow.
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perforator (perforasome) is demonstrated and
large linking vessels are seen coursing parallel to
the latissimus dorsi muscle fibers. The axis of
flow of the thoracodorsal artery perforator close
to the midline follows the orientation of the
latissimus dorsi muscle fibers.

The vascular axis follows the axiality of linking
vessels, and these linking vessels follow the axiality
of the limb for the upper and lower extremities.
This is demonstrated in radial artery perforator
(Fig. 8), ulnar artery perforator, anterior tibial
artery perforator (Fig. 9), peroneal artery perfo-
rator (Fig. 10), and posterior tibial artery perfo-
rator flaps. The limbs have source arteries that are
most often directed axial to the limb themselves.
Each axially directed source artery from either the
lower or upper extremity provides multiple se-
quential perforators along its course. Linking ves-
sels allow perforators from the same source artery

to communicate with each other and with perfo-
rators from adjacent source arteries. To do this
effectively, linking vessels have an orientation that
is predominantly parallel to the axis of the limbs
(Figs. 8 through 10). Perforator flaps should be
designed in parallel to the axis of the linking ves-
sels of the limbs to capture the largest and most
reliable vascular territory.

Linking vessels in the trunk are commonly
directed perpendicular to the midline and follow
an oblique transverse direction, parallel to the
cutaneous dermatomes. This is shown in the su-
praclavicular artery perforator (Fig. 11), internal
mammary artery perforator (Fig. 12), paraumbil-
ical perforator (Fig. 13), superior epigastric artery
perforator (Fig. 14), posterior intercostal artery
perforator (Fig. 15), lumbar artery perforator
(Fig. 16), and superior gluteal artery perforator
(Fig. 17). Again, multiple communicating branches

Fig. 9. Computed tomographic angiography scan (anteroposterior
view) showing the anterior leg from the knee level to the ankle level.
Perforators from both the anterior tibial artery and the peroneal artery
have respective direct linking vessels that follow the axiality of the limb
and allow interperforator flow. There are also linking vessels that can be
seen crossing the midline and that maintain communication between
the posteroanterior and anterior tibial artery perforators. Yellow arrows
show direction of flow.
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between linking vessels are found in the anterior
and posterior trunk. Perforators that are found
close to the midline and that follow a vertical row
distribution (e.g., deep inferior epigastric artery
perforator and internal mammary artery perfora-
tor flaps) usually have contralateral perforators
that are also close to the midline. Perforasome
flow is multidirectional and crosses the midline in
many cases (e.g., deep inferior epigastric artery
perforator flap), but preferential flow is directed
away from the midline toward the lateral trunk
borders. In instances where multiple perforators
are found along a vertical row and close to the
midline bilaterally (e.g., deep inferior epigastric
artery perforator, internal mammary artery per-
forator, and lumbar artery perforator), flow is di-
rected away from the midline to provide adequate
vascularity to the lateral trunk region, which has a
less dense perforator population. The anterior
and posterior midlines of the trunk are heavily
populated in perforators (e.g., internal mammary

artery perforator, superior epigastric artery per-
forator, deep inferior epigastric artery perforator,
posterior intercostal artery perforator, lumbar ar-
tery perforator, and superior gluteal artery perfo-
rator/inferior gluteal artery perforator), as are the
lateral and midaxial regions (e.g., lumbar inter-
costal artery perforator, thoracodorsal artery per-
forator, and supraclavicular artery perforator).
Flow is therefore preferentially directed laterally
away from the midline or midaxial regions to
maintain adequate blood supply to adjacent re-
gions populated with fewer perforators.

Because of the multiple communicating
branches between linking vessels, there is a very
large variation in pedicle flap design potential.
The ultimate flap design depends on the overall
vascular territory (perforasome) of the involved
perforator. Perforators with a very large perforasome
will have a higher degree of freedom in flap design
and orientation (e.g., the internal mammary artery
perforator flap that has been harvested horizontally,
obliquely, or vertically).32–36

Third Principle
Preferential filling of perforasomes occurs

within perforators of the same source artery first,
followed by perforators of other adjacent source
arteries. An example of this includes the descend-
ing branch of the lateral femoral circumflex ar-
tery (anterolateral thigh flap); perforator B will
vascularize perforators A and C and will then
capture adjacent vascular territory perfora-
somes such as the anterior medial thigh or su-
perficial femoral artery perforasomes (Fig. 18).
Vascular filling and density are maximized in
the periphery of the perforasome within the
same source artery. The linking vessels then em-
anate from this main perforasome to perfora-
somes of adjacent vascular territories from other
source arteries (e.g., anteromedial thigh perfo-
rators). Single large perforators originating
from a source artery that does not have a series
of sequential perforators along its course (e.g.,
medial circumflex femoral artery) will have less
of an axial vascular distribution.

Fourth Principle
Mass vascularity of a perforator found adja-

cent to an articulation is directed away from that
same articulation (e.g., distally and proximally
based radial artery perforator flaps) (Fig. 19),

Fig. 10. Computed tomographic angiography scan (anteropos-
terior view) showing the skin from the posterior leg from the knee
level to the ankle level. The peroneal artery perforator was in-
jected with contrast. Note direction of large linking vessels that
follows the axiality of the limb. Yellow arrows show direction of
flow.
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Fig. 12. Computed tomographic angiography scan (anteroposterior
view) showing the skin from the anterior trunk (hemichest). An internal
mammary artery perforator (IMAP) in the second intercostal space (ICS)
was injected with contrast. Linking vessels are seen coursing perpendic-
ular to the midline and away from the midline (seen here connecting with
the lateral thoracic artery). Yellow arrow shows direction of flow.

Fig. 11. Computed tomographic angiography scan (anteroposterior
view) showing the supraclavicular skin. A supraclavicular artery perfora-
tor was injected with contrast. Note large linking vessels coursing per-
pendicular to the midline of the trunk. Linking vessels are parallel to the
mainaxisofvascularityoftheflapandmaintaincommunicationbetween
adjacent perforators. Note multiple communicating branches between
linking vessels. Yellow arrow shows direction of flow.
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Fig. 14. Computed tomographic angiography scan (anteropos-
terior view) showing an extended vertical rectus myocutaneous
flap, where the superior skin flap is extended to the region below
the inframammary fold. The superior epigastric artery perfora-
tors were found to have linking vessels perpendicular to the mid-
line, with flow directed away from the midline. Yellow arrow
shows direction of flow.

Fig. 15. Computed tomographic angiography scan (anteropos-
terior view) showing a hemiback flap where a posterior intercos-
tal perforator was injected with contrast. Yellow arrow shows di-
rection of flow.

Fig. 13. Computed tomographic angiography scan (anteroposterior
view) showing the lower transverse abdominal skin flap. A right paraum-
bilical artery perforator was injected with contrast. Flow is determined by
linking vessels, which can be seen traveling perpendicular to the midline
and away from the midline in a bidirectional fashion. Yellow arrows show
direction of flow.
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Fig. 17. Computed tomographic angiography scan (anteroposterior
view) showing the gluteal region where a superior gluteal artery perfo-
rator close to the midline was injected with contrast. Note direction of
linking vessel and overall axis of flow, which is perpendicular to the mid-
line of the trunk. Note also the direction of flow, which is directed pre-
dominantly away from the midline. Yellow arrow shows direction of flow.

Fig. 16. Computed tomographic angiography scan (anteroposterior
view) showing the entire lumbar skin from the T12 level to the posterior
superior iliac spine (PSIS). The lumbar perforator was injected with con-
trast and found to perfuse across the midline and ipsilaterally in a trans-
verse direction. Linking vessels can be seen crossing the midline and
communicating with contralateral lumbar perforators. The axis of flow is
directed along the axis of linking vessels, which are predominantly per-
pendicular to the trunk midline. Yellow arrows show direction of flow.
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whereas perforators found at a midpoint be-
tween two articulations (e.g., upper extremity)
(Fig. 20) or at the midpoint in the trunk have a
multidirectional flow distribution. Therefore,
flap design should take into consideration per-
forator location (Fig. 21). Linking vessels found
between two adjacent perforators have a bidi-
rectional flow, which provides yet another mech-
anism of vascular protection against injury (Sup-
plemental Digital Content 1 through 4).

DISCUSSION
Increased knowledge of vascular anatomy has

played a critical role in increasing our understand-
ing and use of perforator flaps in the clinical
arena. As we shift toward increased use of single
perforator–based flap reconstructions, knowledge of
individual perforator vascular anatomy supersedes
that of source artery vascular anatomy. Each per-
forator has its own vascular territory, called a per-
forasome, which carries a multidirectional flow pat-
tern that is highly variable and complex. These
perforasomes are linked to one another by both
direct and indirect linking vessels, which themselves
are linked by communicating branches. These nu-
merous vascular connections confer further protec-
tion from ischemia and vascular injury in case of
trauma. Linking vessels allow communication with
adjacent perforasomes and follow a direction that is

parallel to the direction of perforator flow. There-
fore, perforator flap skin paddles should be parallel
to the linking vessel orientation whenever possible.
These linking vessels make it possible to harvest large
perforator flaps based on a single perforator, such as
the extended anterolateral thigh flap.31 When a per-
forator flap is harvested, all muscle and cutaneous
branches from the source artery are ligated, which
results in hyperperfusion of the selected perforator.
Increased vascular filling pressures clinically dilate
the perforator itself and allow extensive interper-
forator flow by means of opening and recruitment
of additional linking vessels. These linking vessels,
both direct and indirect, are subject to higher than
normal filling pressures and are able to capture
additional adjacent perforator vascular territories
(perforasomes).

Perforator flaps designed at a midpoint be-
tween two articulations can be designed in mul-
tiple fashions because of the multidirectional per-
forator flow distribution. Dense fibrous septae and
ligamentous attachments can be found overlying
each major articulation to maintain proper skin
stability and draping during flexion and exten-
sion. Also, each articulation forms a boundary for
a different vascular territory proximal and distal to
that same articulation. Both of these factors might
explain why perforators adjacent to an articulation
will have flow directed away from it. Midline cross-
over of perforator flow was found in almost all

Fig. 18. Computed tomographic angiography scan (anteroposterior view) showing the ante-
rior thigh skin. Preferential filling of perforators within the same source artery is demonstrated in this
anterolateral thigh (ALT) flap, as perforators B and C from the descending branch of the lateral femoral
circumflex artery are perfused before perforators from the superficial femoral artery (SFA).
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instances in the trunk by means of direct and
indirect linking vessels. Indirect flow through the
subdermal plexus becomes important when there
is a paucity of subcutaneous tissue (less direct link-
ing vessels) and where skin is intimately adherent
over bone (e.g., sternum, anterior tibia).

CONCLUSIONS
Each perforator holds a unique vascular territory

(perforasome). Perforator vascular supply is highly
complex and follows some common guidelines.
Both direct and indirect linking vessels play a critical
part in perforator flap perfusion. Every perforator
has the potential to become either a pedicle or a free
perforator flap, depending on the size of the source
artery. As a result, this allows a myriad of per-
forator flap designs that can be tailored to better
reconstruct defects. The reconstructive surgeon
now has more options in replacing like with like.
Local flap alternatives become more plentiful
and flap design is limited only by the availability
of clinically relevant perforators close to the
defect for pedicle perforator flaps. Free-style
perforator flap options are limited only by the
size and length of their respective source arter-
ies and veins.

Hyperperfusion of a single perforator can cap-
ture multiple adjacent perforasomes. This ex-
plains why large perforator flaps can be harvested
based on a single perforator (e.g., extended an-
terolateral thigh flap).31 Additional adjacent per-
forasome territories can be captured through di-
rect and indirect linking vessels by means of
hyperperfusion. The perforasome theory de-
scribed provides additional insight into the mech-

Fig. 19. Perfusion in multiple perforasomes via linking ves-
sels. Vascular density is maximal within the cannulated perfo-
rator and its corresponding perforasome and decreases dis-
tally away from the midline of the trunk or an articulation. The
orientation of linking vessels determines the orientation of
vascular flow within the flap. Direction of flow is predomi-
nantly perpendicular to the trunk midline and parallel to the
vertical axis of the limbs.

Fig. 20. Direction of perforator flow between articulations. Perforators in the extremities that are found close to
an articulation will have preferential flow away from that articulation, whereas midpoint perforators will have
bidirectional flow.
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anisms of perforator flap vascularity and serves to
facilitate the understanding, design, and clinical
use of both free and pedicle perforator flaps.

Michel Saint-Cyr, M.D.
Department of Plastic Surgery

University of Texas Southwestern Medical Center
1801 Inwood Road

Dallas, Texas 75390-9132
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