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1.INTRODUCTION

Perforator flaps are a relatively new method of reconstructing soft tissue and soft tissue defects that has
become widespread due to the minimal morbidity of the donor site. Perforating vessels are defined as vessels
that pierce (perforate) a muscle or fascia to reach and vascularise a specific skin segment. The technical
advance that has revolutionised the use of flaps on perforators is the ability to dissect these small blood vessels

using microsurgical techniques and thus avoid sacrificing deep, potentially functionally important structures.

Although the use of flaps on perforators is expanding in clinical practice, the experimental data related to these
flaps are relatively scarce. In particular in the case of pedicled, local, perforator-based flaps ("propeller” flaps,
propeller flaps) experimental data are scarce and the recognised problems of partial necrosis have not been

fully understood.

So far research in this area has focused on detecting the most powerful perforating vessels to vascularise the
most extensive flaps, with no studies on the possibility of actively influencing blood flow through a given
perforating vessel. There are also a limited number of studies examining the role of local, pedicled-based

perforator flaps in covering traumatic lower limb defects.

Therefore, we set a dual objective in this study. On the one hand, we evaluated in an experimental model the
effects of active changes in arterial flow and/or venous return pressure on the survival rate of perforator flaps.
On the other hand, from a clinical point of view we performed a detailed analysis of the results of post-
traumatic lower limb reconstructions with local pedicled perforator-based flaps used in the author's clinical

unit.



2. THEORETICAL PART

2.1 History and concepts in lower limb reconstruction

The evolution of surgical therapy of traumatic lower limb injuries spans millennia of human history and has

been significantly influenced by the experiences gained from the conflagrations of the last century.'

Since Greek antiquity and the works of Hippocrates (460 - 370 BC) amputation of the lower limb has been
the surgical method of choice to treat open fractures and major lower limb trauma. Amputation methods have
been refined over many centuries incorporating concepts such as proper wound cleansing, hemostatic ligation,

debridement of necrotic tissues, and creation of a prosthetic-friendly stump.>*

The 19th century marked major developments in the development of surgery in general and lower limb
traumatology in particular with the discovery of anaesthesia, antisepsis and microbiology and hence the
concept of infection. However, until the 20th century amputation remained the only surgical method of

treatment for severe lower limb trauma.

The 20th century, with the 2 world wars and multiple other major conflagrations, produced a nefarious
development of ballistics and as a result generated trauma with previously unimaginable tissue destruction,
thus necessitating the development of plastic-reconstructive surgery which established and consolidated its

essential role in the treatment of severe lower limb trauma. ¢

The many general surgical and medical developments of the modern period have led among other things to
the definition and characterisation of the following key concepts in lower limb reconstruction: amputation
versus reconstruction; ideal timing of treatment; bone stabilisation; vascular reconstruction; peripheral nerve

reconstruction; bone reconstruction; soft tissue reconstruction.

We will briefly describe the most important aspects of these concepts and then in the next chapter we will

detail the evolution of flap reconstruction techniques in the lower limb.

e Amputation vs. reconstruction

In the treatment of the patient with complex lower limb trauma it is important to understand that unsuccessful
attempts to preserve the extremity have major physical, mental, social and financial implications. Despite

major advances in microsurgical reconstruction, bone regeneration or infection therapy in recent decades
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many patients undergo a series of reconstructive surgeries only to end up with limb amputation. It is therefore
important to try to identify these patients at an early stage in order to offer each patient the option that

maximises function and rehabilitation potential.
A number of factors may contribute to predicting the need for amputation such as:
- Gustillo IIIC tibial fractures
- Ischial or tibial nerve injury
- Prolonged ischaemia (> 4 - 6 hours) or muscle necrosis
- Major soft tissue decussation or contusion
- Severe wound contamination
- Multiple/severe comminuted fractures; bone defects
- Advanced age or severe co-morbidities

- Failed revascularization / prediction of failed revascularization

e Ideal timing of treatment

One of the few certainties in the treatment of open lower extremity trauma is that these patients should be
treated initially by generous debridement of devitalized tissues and extensive irrigation of open fractures. It is
generally considered standard practice for patients with open fractures to arrive in the operating room within

6 hours of trauma. However, this temporal desideratum is not supported by clear evidence. 8

Regarding the ideal timing of reconstruction most experts support the idea that early reconstruction leads to
better outcomes. The most cited study in this field is that of Marko Godina’® in 1986 who analysed the timing

of microsurgical reconstruction in 3 groups according to the duration since the initial trauma:

1. Immediate reconstruction: within the first 72 hours
2. Delayed reconstruction: between 72 hours and 3 months

3. Secondary reconstruction: after 3 months

The study clearly shows that optimal results are obtained in the immediate reconstruction group followed by

the delayed and secondary reconstruction groups.

However, it is important to recognise that immediate reconstruction is not a feasible option for every patient,
for example due to the presence of other severe injuries requiring emergency treatment or due to the lack of
institutional and personnel infrastructure to be able to provide debridement and reconstruction in one

emergency procedure.'*



If these conditions cannot be provided, repeated debridement and the deployment of a continuous negative
pressure dressing (e.g. VAC system, KCI Medical Systems) prior to definitive reconstruction may be the
optimal strategy.

e Bone fixation / fracture treatment

The initial orthopaedic management of an open lower extremity fracture is traditionally based on the use of
external fixator in an effort to avoid implantation of osteosynthesis materials in a possibly contaminated
operative field. Recently more and more traumatologists are choosing to fix open fractures immediately using

intramedullary rods or even plates and screws using a technique called minimally invasive osteosynthesis'4.
e Vascular reconstruction

Although complete vascular lesions are rare in lower extremity trauma, patients often present with clinical
signs suggestive of compromised vasculature. However, these are often caused by haemorrhage from soft
tissue injuries or fractures, traction of otherwise intact arteries with consequent loss of pulse or compartment
syndrome. However it is prudent that actual vascular lesions be excluded, so the use of appropriate imaging

methods is recommended.

Prompt therapy of any severe vascular injury in lower limb trauma is obviously an absolute surgical indication,

the duration of ischaemia ultimately determining the chances of tissue survival, especially muscle tissue.

Also, the operative sequence in combined bone and vascular injuries is often debated. Thus there is on the one
hand the concept of immediate vascular treatment to reduce the duration of ischaemia and on the other hand
there are authors who favour initial bone stabilisation to avoid possible iatrogenic injury of vascular
reconstruction during fracture treatment. A meta-analysis comparing the results of the two concepts of

operative sequence showed no clear difference between the two groups in the rate of secondary amputation.?

e Peripheral nerve reconstruction

Until the late 19th century suturing and nerve reconstruction were generally not practiced due to unsatisfactory
results. It was not until 1873 and 1917 that epineural and fascicular neurorrhaphy were described for the first
time. Also at the end of the 19th century the first truncal nerve graft was reported and in 1939 Bunnell and
Boyes introduced the cable graft, but it would take until 1972 for Millesi, based on Sunderland's extensive
studies of nerve topography, to describe interfascicular topographic nerve grafts?!. The results of nerve
reconstruction in the lower limb remain inconsistent and depend significantly on surgically immutable

factors?2.

e Bone reconstruction



Options for bone reconstruction in the lower extremity include autologous bone grafting, vascularized bone
transfer, and distraction osteogenesis, including the Ilizarov technique.?* Autologous bone grafts are used for
small defects. The most commonly used vascularised bone flap is the free fibular flap?®, and as alternatives
the vascularised iliac crest and scapular bone flap or osteocutaneous flap. For defects exceeding 10 cm

distraction osteogenesis may be a treatment option.
e Soft tissue reconstruction

For the ideal management of the patient with a severe traumatic lower limb injury it is important to consider
a wide range of options for soft tissue reconstruction, choosing the one that is safest and can lead to the best

functional outcome.
Generally, it is useful to distinguish the flaps used in the lower limb into local, pedicled and loose flaps.

Local flaps are a viable option in the reconstruction of lower limb defects as long as their vascularity has not
been affected by the initial trauma. The advantages of local flaps are the operative time and the reduced
complexity of the procedure®. Local flaps also use tissues similar to those to be reconstructed. Traditionally

muscle flaps are a good option in upper and middle thigh reconstruction.

The alternative to local flaps is microsurgical free flaps, which many authors consider to be the first
reconstructive indication in the lower limb and especially the calf. For microsurgical transfer in lower limb

reconstruction, free muscle flaps on the one hand and fasciocutaneous flaps on the other are suitable.

Muscle free flaps allow the obliteration of virtual gaps and are a robust option for covering even large defects®”.
The alternative to free muscle flaps is fascio-cutaneous flaps which have the advantage that they can be easily

re-lifted for secondary surgery.

2.2 Evolution of flap reconstruction techniques in the lower limb

In general the history of flap reconstruction in the lower limb has developed in parallel with the history of
flaps in general, a particular aspect in the lower limb being the recognised difficulty in reconstructing this

region and in particular the calf.

Although evidence of the first cutaneous flap can be found in the writings of Sushruta as early as 600 BC,
progress in tissue flap surgery has been held back for millennia due to the absence of knowledge of tissue
vascularisation and in particular the tegument, and the lack of cultural exchange between different parts of the

world3233,

In the 19th century, however, anatomical knowledge of skin vascularisation was dramatically changed by the
work of Carl Manchot®® and Michel Salmon®$, and in parallel with this knowledge, new techniques of flap

reconstruction were developed that would become the basic surgical procedures in lower limb reconstruction.
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With the 20th century and the increased need for reconstruction due to multiple and severe trauma resulting
from the wars of this century reconstructive surgery developed significantly. It is perhaps interesting to note
that among the earliest uses of the distal flap was Hamilton's 1854 description of the "cross leg" flap*’. Distal

flaps or pre-conditioned flaps have long been the standard in lower limb reconstruction.

McGregor and Jackson*! explored the importance of the axial vascularisation of the flaps, describing for the
first time the inguinal flap. This flap was to become famous with the development of reconstructive

microsurgery in the 1970s.

Once the microsurgical anastomosis barrier was overcome, the development of free flap transfers to the lower
limb accelerated, with the first free flaps described being the iliac crest and fibula free bone flaps, also for
lower limb reconstruction, in this case of bone defects®>. The 1980s brought with it the description and
development of microsurgical free transfer of muscle and musculocutaneous flaps. Marko Godina and Andrej
Banic first developed and described free transfer of the latissimus dorsi muscle for lower limb reconstruction,
and this and other muscle flaps became the main method of reconstruction of posttraumatic defects of the

lower leg*6.

Despite the popularity of muscle flaps, their disadvantages such as the possibility of functional disorders of
the donor site have led some surgeons to explore new possibilities. Thus Ponté famously reintroduced another
option of local flaps to the lower limb, using fasciocutaneous flaps which offered an excellent survival rate

and were nicknamed "superflaps" by the author*’.

After all, as Ponté's flaps were later shown to be vascularised by lower limb fasciocutaneous perforators, it
was only a matter of time before the use of these perforators would revolutionise reconstructive surgery,
particularly in the lower limb. Particularly important in the development of perforator-based flaps is the work
of Taylor and Palmer who described the concept of angiosteam*®. In 1989 Koshima and Soeda* described the
first perforator-based flap (in the lower abdomen). This was followed by the description of the anterolateral
thigh flap (ALT) introduced by Song®! and popularised especially in the lower limb as a free flap by Fu-Chan
Wei, who considered it an "ideal flap">2. Further development of lower limb reconstruction is characterised
by local perforator-based flaps with the next important step being the "propeller” flap, first described by
Hyakusoku’?, developed by Hallock and Teo>*** and widely applied to the upper and lower limb by Georgescu

in Cluj in Romania’.



2.3 Perforator-based flaps in the lower limb

The lower extremity is an anatomical region rich in vascular perforators that may represent the pedicle of local

flaps. These perforators have been extensively studied and detailed by anatomical and angiographic research®®
60

The source arteries of perforator-based flaps in the thigh are :

Superficial femoral artery with direct perforators at the medial thigh region.
Superficial iliac circumflex artery with perforator branches at the inguinal region.
Lateral circumflex femoral artery with perforators mainly in the anterolateral tegument of the thigh.

Medial circumflex femoral artery providing vascularization of the posteromedial thigh.

w»okh Wb

The deep femoral artery provides through its perforating branches the vascularization of the posterior
thigh.

6.  Medial and lateral superior geniculate arteries providing vascularization to the distal thigh.

In the knee region, flaps can be raised based on musculocutaneous perforators originating from the femoral
artery as well as based on multiple septo-cutaneous perforators originating from the descending genicular
artery, the medial superior and lateral superior genicular arteries and the medial inferior and lateral inferior
genicular arteries®!. The vascularization of the integument in the knee area also involves the recurrent anterior
tibial artery and the popliteal artery with direct cutaneous branches. The saphenous artery is a superficial
branch of the descending geniculate artery and is the base of the saphenous perforating lamina which may
incorporate the eponymous nerve thus creating an innervated flap. In the popliteal region the medial and lateral
sural arteries are direct branches of the popliteal artery and may be the source of perforator flaps e.g. medial

sural artery perforator flap (MSAP).

In the lower leg, perforator flaps may be based on perforators originating from the posterior tibial artery,

anterior tibial artery and fibular artery®!. Perforators originating from the posterior tibial artery are found in

the intermuscular septum between the soleus muscle and the flexor digitorum longus muscle. Anterior tibial
artery perforators are either musculocutaneous at the level of the tibialis anterior muscle or septocutaneous
between the tibialis anterior muscle and the extensor hallucis longus muscle. Also, a series of perforators in
the anterior tibial artery can be found in the anteromedial septum between the extensor muscle compartment
and the peroneus brevis muscle. Perforators based on the peroneal artery are mainly found in the postero-

lateral septum between the peroneus longus muscle and the soleus muscle.

In the foot the terminal branches of the anterior tibial, posterior tibial and fibular arteries are the sources of

the calcaneal and medial plantar perforator flaps.
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2.3.1 Vascular anatomy of the integument of the leg

The knee and leg region accounts for 34% of the total integumentary surface of the lower extremity (7% of
the total body surface area). The integument of this region is vascularised by approximately 30 + 13 perforators
with a diameter of 0.7 + 0.2 mm. A perforating pedicle vascularises on average a tegumentary area of about

40 cm?. Five vascular territories can be distinguished in the calf with the following source arteries:
- descending genicular artery

- popliteal artery

- posterior tibial artery

- anterior tibial artery

- fibular artery

2.3.2 Pedicled perforator-based flaps based in the lower leg

Perforator-based flaps in the lower leg represent a turning point in the continuing evolution of reconstructive
techniques to reduce surgical morbidity. The development of the propeller flap concept was an important step
forward for the application of perforator-based reconstructive techniques in the distal calf, a region known for
its difficulty in soft tissue reconstruction. Hyakusoku et al** first used the term propeller flap (LP) to describe
an insular flap attached by a wide central pedicle containing no identified vessels. This pedicle restricts the
maximum possible rotation of the flap to 90°, thus limiting the applications of this technique. In contrast, the

55566768 i5 based on a

modern propeller flap, introduced by Hallock>* and perfected by Teo and Georgescu
single perforator thus making it possible to rotate the flap up to 180° around the perforating axis, thus

significantly broadening the possibilities of this reconstructive technique.

The propeller flap concept

The propeller lamellar is, simply defined, a locally fascio-cutaneous insularized lamellar based on an
extensively dissected perforator fuse. The LP is designed with this perforator representing the pivot around
which the 2 ends of the flap, of different lengths, can be rotated so that the longer end can easily cover the
tissue defect. The possibility of rotating this flap up to a maximum of 180° makes it extremely versatile,

making it a good option for reconstructing traumatic defects of the distal calf region (Figure 4).

11



Surgical indications

Although the propeller flap can be used to cover defects in the middle and upper third of the calf or the knee
region, its major utility lies in the possibility of reconstructing defects in the distal third of the calf. These
defects often result either directly as a result of trauma, may result from postoperative complications after
osteosynthesis of malleolar fractures, repair of Achilles tendon ruptures or tibiotalar arthroplasty, or may result

from tumour resections, decubitus ulcers or chronic venous ulcers.

Surgical technique considerations

The correct use of an LP requires a flexible attitude in the design and erection of the blade. The following

considerations are important for the correct application of the LP technique.

e Location, type and size of the defect.

e The course of the source artery and the location of the perforators.

e Potential length and dimensions of the flap.

e Determination of the amount of healthy tissue adjacent to the defect.

e Avoidance of donor site morbidity.

Importance of the propeller flap technique in the lower leg

The ability to use a flap based on a single perforating pedicle located close to the defect gives the reconstructive
surgeon unparalleled freedom in the design of local flaps. Thus the propeller flap is an extremely versatile
method in the calf where there is very little tegmental laxity, especially in the distal area55. This surgical
technique opens multiple avenues to allow coverage of the notoriously difficult distal calf area quickly and
safely even in units with limited reconstructive microsurgery resources. Although this surgical technique is
very promising, with increasing experience in its use some detriments are highlighted so that its application
must be subject to a lucid and fair analysis based on consistent experimental and clinical studies taking into

account also the possible undesirable effects and outcomes of the technique.

2.4. Current problems of pedicled perforator flaps in the

lower leg

The discovery and development of perforator-based flaps proved to be a major step towards minimizing donor
site morbidity. By demonstrating the clinical reliability of microsurgical dissection of perforating vessels, it
has become possible to harvest the tissue needed for reconstruction without sacrificing functionally important

muscle, fascia, vascular and neural elements. Particularly in the case of perforator-based local flaps, this
12



method allows reduction of the complexity and duration of reconstructive surgery with limitation of morbidity
to the area of the defect itself and harvesting of tissue similar to the deficient tissue using tissue adjacent to
the defect. Although to date there has been extensive clinical research on perforator flaps and many types of
perforator flaps have been established as standard methods in some reconstructive approaches, the main
problem with these flaps is the inability to accurately determine the volume of tissue that can be maximally
harvested based on a single perforator. Thus, the known and feared problem of classical axial and randomized
flaps, namely partial necrosis, has transferred to perforator flaps, but the methods to avoid this complication
need to be rethought and a new paradigm of perforator flaps needs to be constructed based on experimental

research results.

In recent years, many researchers have focused on pharmacological methods to reduce the rate of flap
necrosis’>’3, and although promising data have been obtained experimentally, the transition of these results
into clinical practice has not been possible. On the other hand, numerous anatomical studies related to
perforating vessels have shown that anatomical variations in these cases are the rule rather than the exception,
so the development of techniques to actively influence the volume and thus the maximum viable surface area

of perforator-based flaps regardless of the given dimensions of the perforating vessel is of great interest.

Although it would seem obvious that perfusion in perforating vessels is the main determinant of the viable
area of the flap, very little experimental research has been undertaken in this area and virtually no method of
actively increasing blood flow in a perforator has been experimentally evaluated. In addition, although clinical
experience shows that flap necrosis on perforators is usually due to venous rather than arterial insufficiency,
there is very little experimental data assessing venous flow in these flaps. There is thus a niche in experimental

research of flaps on perforators that we will try to explore in the experimental part of our study.

Clinical research into flaps on perforators is certainly attractive and many centres internationally have adhered
to this method, the indication of which is continuously expanding in many areas of reconstructive surgery. Of
course, with the sometimes forced expansion of the indications of a surgical method, the rate of failure and
complications is likely to increase. Particularly with regard to the reconstruction of lower limb defects,
standard methods (free flaps) have been partially or even exclusively replaced in some clinics by perforator-
based local flaps. The unit where the author works presents an ideal situation related to the possibility of a
detailed and complete analysis of cases of reconstruction with propeller flaps, on the one hand due to the
extensive traumatic caseload and on the other hand due to the relatively recent (since 2014) use of the LP
technique, all operations using this technique being performed by the PhD student. Thus, cases can be followed
prospectively which results in high quality data without risking the loss of information inevitable in a

retrospective study.

13



2.5. Research objectives

As detailed above we are feel that perforator-based flap research should be complemented by experimental
and clinical data that on the one hand determine the ideal way to actively influence flap survival through direct
manipulation of arterial or venous blood flow to the pedicle itself and to provide comprehensive, prospectively
collected clinical data on the results of the propeller perforator flap technique for the reconstruction of post-
traumatic lower limb defects, and here in particular of the calf where the potential but also the greatest risks
of the LP lie. We will further describe the objectives of our research approach and in the practical part we will

detail the actual studies and their results.

2.5.1. Experimental study

The objective of the experimental study is to analyze the influences exerted by increasing arterial flow and/or
reducing venous return pressure at perforating vessels in an experimental model on the viability rate of a
perforator-based flap. The innovation of this experimental approach is to actively modify blood flow
parameters in perforating vessels rather than relying on anatomical characteristics of these vessels to achieve

a viability advantage.

2.5.2. Clinical study

The objective of the clinical study is to analyse in detail the indications and clinical outcomes of lower limb
defect reconstructions performed with perforator-based local flaps in a prospective, single-centre study with

the same operator performing the reconstructive procedures.

14



3. PRACTICAL PART

3.1 Experimental study

3.1.1 Preliminary considerations

Advances in knowledge of perforator vessel anatomy and skin perfusion physiology have allowed clinicians to
use the perforator-based flap technique in the reconstruction of various soft tissue defects’*”*. The pioneers of
this technique, Koshima et al. marked the beginning of the perforator-based flap era in 1989 with the publication
of the first flap based on the inferior epigastric artery without the inclusion of the rectus abdominis, this technique
having a major impact in reducing donor site-associated morbidity*. Subsequently, many researchers and
clinicians have worked hard to expand the areas of use of this new surgical technique, with one of the important
steps being the development of pedicled perforator-based flaps’® that do not require microsurgical anastomoses.
Although perforator-based pedicled flaps clearly have multiple surgical advantages such as reducing donor site
morbidity and surgical duration’’, some authors have reported an increased rate of partial necrosis of this type of
flap’®”. For this reason many researchers and surgeons have sought methods to improve the survival of
perforator-based flaps.

Vascular flow modifications, either with the aim of increasing arterial flow or optimising venous drainage, have
been frequently used by researchers to improve the survival rate of perforator-based flaps. However, the results
of this research have been largely inconclusive®*3¢. It is also important to note that these methods of altering
blood flow in perforator-based flaps rely exclusively on the addition of additional arterial or venous sources in
the form of additional pedicles. However, this method is difficult if not impossible to apply in the clinic where
additional pedicles severely limit the degree of rotation and thus the main reconstructive advantage of perforator-
based local flaps.

Based on the above considerations we designed our experimental study with the aim to evaluate the effects of
optimizing the arterial and venous flow in the pedicle proper of the flap on its survival, choosing as experimental

model a flap based on musculocutaneous perforators in the rat.

3.1.2 Material and methods

A total of 35 Lewis rats with an initial weight between 250-300 g were used for this study. All animals were
treated in accordance with the legal requirements for animal experiments (Public Health Service Policy in
Humane Care and Use of Laboratory Animals) throughout the experiment. Rats were fed standard laboratory

chow and unrestricted water consumption throughout the observation period and their health status was
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monitored daily. This study was approved by the Ethics Committee for Animal Experiments of the Canton of
Bern, Switzerland (approval number 89/16).

Based on the model described by Coskunfirat et al®, a flap based on the posterior musculocutaneous perforator
of the thigh was elevated in all animals and the musculocutaneous perforator was dissected until its emergence
from the femoral vessels. Animals were randomly assigned to the following experimental groups according

to vascular pedicle changes as follows:

L Control (n=10): no pedicle changes, lambus re-sutured in original position.

II. Immediate arterial optimization (n=10): a ligature is placed on the femoral artery distal to the emergence

of the perforating pedicle at the time of flap elevation, then the flap is re-sutured in the original position.

III. Arterial pre-optimization (n=5): Through an inguinal incision the femoral artery is ligated distal to the
emergence of the perforator pedicle 5 days before the flap is lifted. The flap elevation procedure is identical
to group I (control).

IV. Venous pre-optimization (n=5): Through an inguinal incision, ligation of the femoral vein distal to the
emergence of the perforating pedicle is performed 5 days before the flap is lifted. The flap elevation procedure

is identical to group I (control).

V. Venous pre-optimization and immediate arterial optimization (n=5): Through an inguinal incision the
femoral vein is ligated distal to the emergence of the perforating pedicle 5 days before the flap is lifted. At the
time of flap elevation, a ligature is placed on the femoral artery distal to the emergence of the perforating

pedicle, then the flap is re-sutured in the original position.

All procedures were performed under continuous inhalational anesthesia. Isoflurane 5% with oxygen (1
L/min) was used for induction of anesthesia (2-3 min) in an induction chamber. Rats were then placed under
maintenance anesthesia with Izoflurane 1-1.5% and 0.6 L/min oxygen. All rats were maintained in isothermia
using thermal supports and treated with ophthalmic ointment to prevent conjunctival desiccation. All animals
were treated with preemptive analgesia with Buprenorphine (50 pg/kg) subcutaneously at 30 min
preoperatively and then postoperatively as needed (assessed using a standardized laboratory animal welfare
checklist).

3.1.2.1 Surgical technique and flap raising

After removal of hair at the right posterior half all rats were marked as follows: a rectangular flap 9 cm long

and 3 cm wide was drawn from a line joining the anterior knee joint and the posterior ischial tuberosity. The
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central axial line of the rectangle was drawn and the following points (P1-3) were marked on it as follows
(Figure 5):
- P1 -2 cm cranial from the caudal limit of the lambium (approximately at the level of the perforator).

- P2 -3 c¢m cranial of P1
- P3 -3 cm cranial of P2

After incision of the entire flap, the flap was raised retrograde under the fleshy panniculus until the posterior
thigh perforator, which perforates the biceps femoris muscle, was identified (Figure 6). The perforating pedicle

was then carefully dissected, leaving a muscular cuff around the perforator so as not to injure it (Figure 7).

The perforator was followed until emergence from the femoral vessels at the medial level of the thigh. An

additional incision was placed here in the inguinal crease to provide access to the femoral vessels (Figure 8).

After making changes to the femoral vessels according to the previously detailed group division (Figure 9)
the flap was sutured in place with a continuous intradermal 5-0 PDS thread suture (Figure 10). In the pre-
optimization groups (groups II and III) a groin incision was made 5 days before flap elevation to perform the

vascular changes described.

Immediately before skin suturing, analgesia was applied with subcutaneous Buprenorphine (50 g/kg). The
same analgesia was administered every 12 hours until the second postoperative day or when the animals

showed clinical signs of pain (according to the standardized laboratory animal welfare checklist).

Rats were monitored 7 days postoperatively and daily health assessments were performed based on the
approved standardized laboratory animal welfare checklist. All rats were euthanized on postoperative day 7

by injecting 150 pg/kg pentobarbital intraperitoneally, and death was confirmed by bilateral thoracotomies.
3.1.2.2 Flap assessment

3.1.2.2.1 Digital planimetry

viable area (number of pixels) x 100
total area (number of pixels)

Flap viability =

3.1.2.2.2 Laser-Doppler assessment
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Laser Doppler flowmetry was performed with the Aimago® EasyLDI flowmetry camera (Aimago SA,
Lausanne - Figure 11) at all marked points (P1, P2, P3) before the slide lift, after the slide lift, immediately
after completion of the operation and then at POD 1 and POD

3.1.2.2.3 Statistical analysis
Data analysis was performed with SPSS v21.0 (IBM Corp., Armonk, NY, USA). Kruskal-Wallis non-

parametric test was used to compare fluxmetry between the 3 groups. Subsequently, pairwise comparisons
were performed using Dunn's procedure with a Bonferroni correction for multiple comparisons. A one-way
ANOVA and Tukey-Kramer post-hoc analysis were used for normally distributed digital planimetric

measurements. Results were considered statistically significant for p <0.05.

3.1.3 Results

3.1.3.1 Digital planimetry

All flaps showed an area of typical distal necrosis (Figure 12). The survival area of the flaps was statistically
significantly different between groups, F (4.29) = 18.82, p < 0.001. Figure 13 shows the graphical
representation of the digital planimetry results. Data are presented as means + standard deviation. The highest
survival area was found in group II (78.12 + 8.38%), followed by group V (74.33 + 8.21%), group III (71.85
+ 1.76%) and group IV (60.35 + 2.41%). The control group (I) had the lowest values: 56.55 x 8.38%.

3.1.3.2 Laser — Doppler

Blood flow distributions were similar for all groups in all tests as assessed by visual inspection of the boxplots.

3.1.3.2.1 Results for P2

Figure 14 shows the median percentage values obtained in P2 for all groups. The only statistically significant
difference between groups was observed in POD 7 where group II had higher values than group I and IV (p =
0.026 and p = 0.039 respectively).

Within-group analysis revealed a statistically significant decrease in flux between measurements taken before
lamella lift and POD 1 (p < 0.05) in all groups. Flow improvement was statistically significant between POD
1 and POD 7 in all groups (p<0.05), except group III (pre-arterial lift). Group II (immediate arterial
optimization) showed a significant increase in flow from a median value of 85.49% preoperatively to 135.8%

on POD 7.
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3.1.3.2.2 Results for P3

As illustrated in Figure 15, there was a decrease in flux in all groups between measurements taken after the
blade lift and POD 7 (p < 0.05). The difference between flow before blade lift or before vessel manipulation
and POD 7 was statistically significant in all groups (p<0.05) except group II.

At POD 7, group II was the only group to show an increase in flow compared to POD 1 (p<0.05), while all

other groups continued to have lower values compared to previous measurements.

3.1.4 Discussion

The innovation of our experimental design lies in a different way of manipulating vascular flow within the
pedicle proper of the flap by ligating the femoral artery distal to the perforator, thus directing all femoral artery
flow to the flap.

This novel approach does not require the addition of an additional vascular pedicle, as has been done by other
researchers investigating arterial augmentation of flap. This solution is derived from clinical experience with
flaps on pedicled perforators and in particular ‘propeller' flaps, where, due to the need for flap transposition,

an additional vascular pedicle may make the procedure impossible.

Our digital planimetry results clearly show that optimizing arterial inflow and not optimizing venous drainage
in the flap pedicle leads to increased flap viability. Our data also suggest that it makes no difference whether

arterial flow optimization is performed acutely or as a preconditioning strategy.

Our study clearly shows that flow optimization at the pedicle of the flap has significant effects on flap survival
in a rat muscle-cutaneous perforator flap model. Although Laser Doppler data suggest involvement of the
complex vessel-vent system, the mechanism underlying these changes remains largely unknown.
Nevertheless, we believe that the promising results of this study warrant a detailed examination of the

mechanisms involved in the beneficial effect on the observed flap viability rate.

3.1.5 Conclusions

Optimization of arterial flow in the pedicle of a rat musculocutaneous perforator leads to increased flap
survival whether performed acutely or as a preconditioning strategy, whereas optimization of venous flow has
no effect on flap viability. These results could have clinical implications, but more precise characterization of

the mechanisms involved in the effects on flap viability observed in our study is first needed.
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3.2 Clinical study

3.2.1 Preliminary considerations

Tissue and soft tissue defects of the lower leg and foot continue to be a challenge in reconstructive surgery.
The laxity of the integument in this region and the amount of subcutaneous tissue are reduced and the oedema
and tension resulting even from primary surgical suturing of small defects often leads to wound healing
complications. From the point of view of reconstructive surgery microsurgical free flaps have crystallized as
the first surgical option in the coverage of lower leg>*® and foot defects but the complexity and duration of
the operation together with the known failure rate of these procedures do not allow the technique to be used
in every patient and in every plastic surgery unit. The alternative of random-pattern pedicled local flaps is
virtually useless in the calf due to the limited maximum size of these flaps and the need for a very wide-based
pedicle tegument”’. In these circumstances, perforator-based local flaps, especially the "propeller" type
developed in recent years, offer an extremely valuable alternative in calf and leg reconstruction due to their

main advantages: reduced operative time and secondary morbidity.”s’%%

Although initially considered a true revolution for lower limb reconstruction, with the accumulation of clinical
experience it has become clear that in the lower limb the postoperative complication rate of propeller flaps is
relevant. The influence of this complication rate on the reconstructive outcome, i.e. the causal link between
postoperative complications and eventual reconstructive failure, is however still uncertain. Also uncertain for

the moment are the causes for postoperative complications.

Our study aims to analyse the experience of the Plastic Surgery Clinic of the University Hospital Bern -
Inselspital with this reconstructive technique prospectively in consecutive patients in an attempt to find causal
relationships between the characteristics of the patients and the operative procedures and the occurrence and

effects of postoperative complications.

3.2.2 Material and methods

All patients who underwent propeller flap reconstruction of the lower limb distal to the knee joint between
2014 and 2017 were enrolled in this study. Demographic, operative and postoperative follow-up data were

collected.

Surgical data including flap size, perforator details, donor site closure modality, duration of surgery and source

artery of perforator is presented in Table 3.
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3.2.2.1 Surgical technique

3.2.2.1.1 Preoperative marking

The relevant perforators were marked intraoperatively at the lateral aspect (for fibular artery)
or medial aspect (for posterior tibial artery) of the patient's calf. Specifically, for defects at the
lateral aspect of the calf, the line joining the head of the fibula to the point of maximum
prominence of the lateral malleolus was initially drawn. A dotted line was drawn approx. 2.5
cm posterior to this, this line representing the cutaneous projection of the postero-lateral calf
septum. Following this line with the vascular Doppler, perforators originating from the fibular
artery were marked. In the case of a defect in the medial aspect of the calf, a similar procedure
was used to detect perforators in the antero-medial septum along a line parallel to the medial

border of the tibia and located 1.5 cm posterior to it (Figures 16 and 17).

3.2.2.1.2 Surgical technique

The patient is positioned in dorsal or lateral decubitus depending on the location of the defect
and the planned flap. A tourniquet was used without complete exsanguination of the lower limb
to allow better visualization of the perforators. After surgical treatment of the defect (tumour
resection, debridement of posttraumatic, postinfectious wounds or chronic ulcers) it was
measured and the planned flap was drawn with the pedicle based on the perforator closest to
the integumentary defect (Figure 18). Initially only one side of the planned flap (in the vast
majority of cases the anterior edge) was incised up to and including the deep fascia and
dissection continued subfascially from distal to proximal and anterior to posterior until the
perforators were identified and dissected to emergence from the source arteries and veins
(Figure 19).

Separation of the perforating artery from the comitant veins was not performed but rigorous
attention was given to separating the perforating pedicle from any septal and fascia flanges that
could lead to compression of the vessels following rotation (pedicle skeletonization). The
tourniquet was then deflated and the final choice of perforator was made based on the presence
of visible pulsations or the highest intensity Doppler signal. After choosing the perforator as
the pedicle, the flap design was adjusted if still needed and then the entire flap was incised and
released subfascially completely except for the perforating pedicle (Figure 20). Depending on
the location of the defect the flap was rotated with the minimum arc of rotation required to

achieve complete coverage of the defect (Figure 21). Suturing and application of passive or
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active drainage was performed as needed. The donor area was either primary sutured or covered
with split loose skin grafts (Figure 22). A plaster splint was applied to the operated calf, with

particular care to avoid compression of the splint at the level of the flap.

3.2.2.1.3 Postoperative follow-up

In the first 48h postoperatively the lambus was monitored at 2h intervals in the first 24h and
then at 4h intervals in the next 24h controlling colour, turgor, tegumentary temperature and
Doppler signal at the pedicle level. After 5 days postoperatively, decubitus positioning of the
lower limb was allowed for daily incremental intervals. Elastic compression of the operated
limb was allowed after postoperative day 10 and walking with support on the affected limb was
allowed (in the absence of other contraindications) after 2 weeks after surgery. In general,
healing of the flap is complete after 2 weeks if no postoperative complications have occurred
(Figure 23).

3.2.2.2 Statistical analysis

Statistical analysis of the data was carried out with SPSS software. Fisher's exact test for
independence was used to analyze categorical variables. Point-biserial correlation coefficient
was used to analyze the relationship between complications and age, defect area, lambar area
and lambar rotation arc. The Mann-Whitney test was used to compare the duration of
hospitalization and time to complete healing between patients with and without postoperative

complications, respectively. A p-value < 0.05 was considered statistically significant.

3.2.3 Results

A total of 26 patients met the eligibility requirements. Eleven patients were male and 15 female.
The patients' ages ranged from 17-91 years (mean 60 years). None of the patients were lost to
postoperative follow-up before definitive wound healing. Postoperative complications and
details, as well as length of hospitalization and time to definitive healing are shown in Table 3.
Of the 9 patients (34.6%) who experienced postoperative complications only 3 (11.5%) required
reoperation. One patient with minimal partial lambial necrosis had a wound infection requiring
further debridement and a small bipedicle local flap for definitive coverage, a patient with
extensive partial lambar necrosis subsequently required a microsurgical free flap for defect
coverage and a third patient with complete lambar necrosis was treated by wound conditioning

with a VAC system and then definitive defect coverage with a dermal substitute (Matriderm ,

22



MedSkin Solutions Dr. Suwelack AG, Germany) and split free skin graft. All other
complications were treated conservatively with dressings and repeated consultations. Duration

to complete healing ranged from 2 to 32 weeks with a mean of 6.3 weeks.

There was a statistically significant association between complications and polymorbidity and
between complications and the source artery of the flap. The presence of polymorbidity was
strongly correlated with the occurrence of postoperative complications (p<0.0001) and peroneal

artery-based LPs were also correlated with postoperative complications (p=0.015).

A statistically significant difference was identified between the number of weeks to complete
healing and length of hospitalization when comparing patients with postoperative
complications versus those without complications. Thus, patients with postoperative
complications required more days of hospitalization (p=0.03) and more weeks to complete
healing (p<0.001).

3.2.4 Discussion

According to the Ghent consensus, perforator flaps are subcutaneous tissue and integumentary
areas vascularised by perforating arterial and venous branches originating from a deep vascular
axis. These vessels can either penetrate muscle tissue (musculocutaneous perforators) or
circulate at the level of intermuscular septa (septocutaneous perforators).74 The development
of this technique has been facilitated by extensive studies of lower limb vascularization and a

better understanding of the principles of flap vascularization.”'*!

Although free flaps are considered the standard method in lower limb reconstruction, propeller
flaps have become increasingly popular today.>’"#>!%2 1% The texture and colour of the
tegument is closer to that of the reconstructed area, the suppleness of the tegument is a real
advantage and the operative time is significantly reduced compared to free flaps (Figure
24) 9198.105-107 Moreover, some studies show that the complication rate between microsurgical

free flap reconstruction and local perforator-based flaps does not differ significantly.””8

However, there are also disadvantages to using LP in lower limb reconstruction. Probably the
most important is the proximity of the donor site to the trauma site with the risk that the
vascularity of the flap may be impaired. Furthermore, dissection of the lambus may lead to
injury to superficial sensory veins and nerves with increased risk of oedema and postoperative

pain.”*
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Of particular note is the discussion of reconstruction of the distal third of the calf in patients
with associated diseases. In this group of patients the increased complication rate in both classic
local flap and free flap reconstruction is well known. In these circumstances the LP technique
represented the hope of improving outcomes. Indeed, some studies show that LP based on ATP
or AP perforators can also be used successfully in patients with relevant associated

pathology.!1%111

In our study, all 9 patients with associated pathology meeting the definition of polymorbidity
experienced postoperative complications, but interestingly, only 1 patient required surgical
reintervention (Figures 25 and 26). In contrast, only 2 of the 18 patients without significant
associated pathology experienced postoperative complications, but both patients required

reoperation (Figures 27 and 28).

Diabetes’>!15, ACOMI and age over 60 years have been identified in the literature as risk factors
for LP failure.”” In our study, no statistically significant age-related difference could be

determined between the groups with and without postoperative complications.

As described by other authors, the PTA perforator-based LP is the safest lower limb flap of its
type76 and our results support this claim, given that only one of the patients treated with PTA
LP suffered postoperative complications. in the case of PA LP, complications were found in 8
of 11 cases. However, these results should be interpreted with caution, as in most cases the
choice of arterial source of LP is predefined by the location of the defect and is not an
independent variable. Our study suggests that in lateral calf defects, the indication for LP
reconstruction should be carefully considered, whereas ATP-based LPs are a significantly more

reliable solution if they can be applied.

Although there thus seems to be a partial consensus on risk factors in lower limb LP
reconstruction, it should be noted that some authors have not identified specific risk factors for
postoperative complications®®. Thus, the use of LP in patients with significant associated
pathology (e.g. ACOMI) is still supported by some authors, mainly due to the reduced operative
time and minimal donor site morbidity.!!® These authors accept the increased risk of minor

postoperative complications with rigorous patient selection.!%

Also in our study the complication rate was high in polymorbid patients, but most complications
were minor, without the need for reoperation. Only one flap was lost in this group, all other
patients achieved secondary local healing. Length of hospital stay did not differ statistically
significantly between the group with postoperative complications and the group without. The

only statistically significant difference was observed in the duration to complete healing, on
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average 2 weeks if no complications occurred, but between 4 and 36 weeks in the group with

postoperative complications.

One of the limitations of this study is the relatively small number of patients. It could be
explained by the restrictive indication of LP, free flap reconstruction being the method of choice

in these cases in our clinic.

4. CONCLUSIONS, IMPORTANCE OF THE WORK
AND FUTURE PERSPECTIVES

The subject of this work, perforator-based flaps in the treatment of soft tissue defects of the

lower limb, is a highly actual issue in the context of modern plastic and reconstructive surgery.

As we have shown in the theoretical part of the paper, lower limb reconstruction has always
been a topic of high relevance in the history of plastic and reconstructive surgery and in
traumatology. Reconstructive microsurgery has been a major step forward in the attempt to save
the lower limbs of patients, who on the one hand have been increasingly confronted with severe
trauma related to the refinement of ballistic methods in wars but also related to the significant
increase in high-speed accidents with major soft tissue damage and on the other hand have
benefited from general medical developments that have allowed them to survive even extremely
severe trauma. Thus, reconstruction of the lower limb is no longer a rarity in severe injuries, on
the contrary, the desire of any reconstructive surgeon is to offer the possibility of saving the
lower limb in almost any situation. Furthermore, the refinement of methods and the increase in
the number of patients benefiting from lower limb reconstruction has led to intense research
and attempts to improve functional and aesthetic outcomes. Saving the lower limb is no longer
an end in itself but the goal of modern lower limb reconstructive surgery is found in the attempt

to provide the maximum functional and aesthetic outcome with minimal associated morbidity.

Perforator-based flaps represent a very important step forward in achieving this goal as they
allow harvesting of tissue perfectly adapted to the defect to be reconstructed without minimally
affecting adjacent structures in the donor area. The development of these flaps has been made
possible by detailed and extensive studies of the skin vasculature of the lower limb.
Furthermore, local perforator-based flaps in the lower limb represent a further step forward by
allowing the use of tissues adjacent to the defect that have virtually identical qualities to the lost

tissue.
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Between perforator-based flaps, in the lower limb and especially in the notoriously difficult to
reconstruct area df the calf, propeller flaps represented a real revolution, allowing for the first
time the safe use of large areas of local integument and soft tissue in a way that is ideal for the
aesthetics of the éionor area. As with any clinical development, however, with time and with
the widespreadyylmlﬁ)take of the method in more and more centres, the limitations of this method
ObsB@&ﬂhe “ clearMamly the partial necrosis rate has been extensively and controversially
discussed in clinical work. On the one hand some groups show impressive results with very few
complications, including partial necrosis, while other groups have significantly increased

complication rates.

And in the field of basic research, a number of studies have started from this perceived high
rate of partial necrosis trying to offer solutions, these mainly consisting of pharmaceutical
interventions (virtually not used at all in the clinic) or the addition of vascular pedicles (venous
and/or arterial) to flaps on perforators. Unfortunately, however, none of these studies has been
able to formulate clear conclusions. Although it is clear that the addition of vascular pedicles
(arterial supercharging / venous superdrainage) brings benefits in terms of flap survival, these
interventions always involve a microsurgical step, which diminishes the advantages of these

flaps.

For this reason we tried in the experimental study to change the strategy and modify the vascular
flow IN the pedicle of the flap. We could clearly show that only arterial augmentation in the
pedicle provides a survival benefit of the flap117. In short, regardless of the amount of arterial
flow, the veins in the pedicle will be able to drain the lambus in any case. Our experimental

study clearly shows important clinical considerations:

- Perforator preparation up to the level of the source vessel and its ligation distal to the
perforator emergence is recommended in the case of a flap on locally pedicled
perforators in all cases where this is clinically feasible.

- If the main source artery of a local pedicled perforator flap is already ligated or
thrombosed distal to the perforator emergence a flap elevated to the first viable
perforator proximal to the arterial thrombosis is safe (even safer than if the artery were

in continuity) in terms of vascularity and is an ideal reconstructive option.

On the other hand, like any study, this one raises questions that are not fully answered. On the
one hand, the experimental study is performed on a perforator-based flap model that is re-
sutured in its original position without being rotated around the pedicle. This case is obviously

not found in a local perforator-based propeller flap in clinical use. Therefore, the possible effect
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of a pedicle twist must also be evaluated in conjunction with active changes in vascular flow to
accurately determine the role of arterial augmentation and/or reduction in venous flow
resistance in perforator-based flaps. On the other hand, although our study points to certain
directions to follow in the clinic to increase the survival rate of perforator-based flaps,
ultimately only experience and ideally prospective clinical studies can define the role of active
flow alterations in the perforator pedicle for the local propeller flap method in the practice of

reconstructive surgery.

The clinical part of our work was mainly concerned with the actual, prospective and
comprehensive evaluation of the results of perforator-based flap reconstruction in the calf
performed by the doctoral student at the University Clinic of Plastic and Reconstructive Surgery
of the University Hospital "Inselspital” in Bern. The results of this research showed for the first
time in the literature related to propeller flaps in the calf a link between the source artery of the
flap and the rate of postoperative complications, and was an important factor in the publication
of these results in the renowned orthopaedic journal, Journal of Bone and Joint Surgery118.
The fact that the fibular artery appears to be less safe as a source artery for propeller flaps is of
course novel and has given rise to various discussions in the field. However, this study has also
had a direct impact on day-to-day clinical practice in our unit. Thus, in patients with
comorbidities and lateral defects in the distal third of the calf, we have reduced the indication
for propeller flaps and prefer to approach other reconstructive solutions. On the other hand,
posterior tibial artery perforator-based flaps are extremely robust and their use is recommended

whenever calf defects lend themselves to this option.

Finally, we believe that we can state on the one hand that our work has succeeded in drawing
some highly relevant conclusions in reconstructive surgery with perforator-based flaps, on the
other hand it has obviously opened up new questions and research directions, hopefully being
an important step in deepening the understanding of this surgical technique both experimentally

and clinically.
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