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ABSTRACT

Background: Since the description of the free fibula flap by Taylor in 1975,
many flaps composed of bone have been described. This review documents the
history of vascularised bone transfer and reflects on the current understanding
of blood supply in an effort to define all clinically described osseous flaps.
Methods: A structured review of MEDLINE and Google Scholar was performed
to identify all clinically described bone flaps in humans. Data regarding patterns
of vascularity were collected where available from the anatomical literature.
Results: Vascularised bone transfer has evolved stepwise in concert with
advances in reconstructive surgery techniques. This began with local flaps of the
craniofacial skeleton in the late 19t century, followed by regional flaps such as
the fibula flap for tibial reconstruction in the early 20t century. Prelaminated
and pedicled myo-osseous flaps predominated until the advent of microsurgery
and free tissue transfer in the 1960s and 1970s. Fifty-two different bone flaps
were identified from 27 different bones. These flaps can be broadly classified
into three types to reflect the pedicle: nutrient vessel (NV), penetrating
periosteal vessel (PPV) and non-penetrating periosteal vessel (NPPV). NPPVs can
be further classified according to the anatomical structure that serves as a
conduit for the pedicle which may be direct-periosteal, musculoperiosteal or
fascioperiosteal.

Discussion: The blood supply to bone is well described and is important to the
reconstructive surgeon in the design of reliable vascularised bone suitable for
transfer into defects requiring osseous replacement. Further study in this field
could be directed at the implications of the pattern of bone flap vascularity on
reconstructive outcomes, the changes in bone vascularity after osteotomy and

the existence of “true” and “choke” anastomoses in cortical bone.



INTRODUCTION

Bone grafts have been the mainstay of reconstruction of bone defects for
more than a centuryl. When a critical but as yet undefined defect size is reached,
the outcomes of non-vascularised bone grafting become unpredictablel. The
work of Ostrup2'3, Frederiksonz, Weiland4, Berggrens, Taylor6’7, and Wood®
highlight the advantages of vascularised bone. When compared with non-
vascularised bone graft for the reconstruction of critical sized bone defects,
vascularised bone shows earlier union and more robust biomechanical
integrity®®, as well as resistance to progressive resorption and the devitalizing
effects of defect site-related sepsis® and irradiation®. This can be inferred from
the current understanding of osteogenesis, fracture healing and tissue perfusion.

Since the description of the free fibula flap by Taylor in 1975° a large
number of osseous flaps have been described. Yet, in contrast to soft tissue
reconstruction, it appears the anatomical patterns of vascularity in bone are not
typically applied to the selection or manipulation of the osseous component of a
flap. This is particularly the case in reconstructions where the soft tissue defect
is the surgical focus. It is a basic tenant of composite reconstructions elsewhere,
such as the nose, that the supporting structures are at least as important as the
overlying soft tissue coverage. Indeed the failure of the former produces poor
outcomes, such as contracture, that can be very hard to correct secondarily.

We are indebted to the efforts of Brookesg, Truetalo, Crockll,

Rhinelander*? and others™®*?’

, whose anatomical studies have facilitated an
understanding of the patterns of osseous vascularity. The design of reliably
vascularised bone suitable for transfer into defects requiring osseous
replacement is critical, and yet can often be overlooked at the detriment to the
intended reconstruction. This review aims to define and classify the pattern of
blood supply for all clinically described vascularised bone transfers as well as to

identify and define questions relevant for contemporary research.



METHODS

A structured literature review was performed to determine all clinically
described bone flaps. The search terms included “vascularised bone transfer” or
“bone flap”. Further terms were used for each bone in the body as relevant (ie.
parietal bone, temporal bone etc.). Articles were included only if it was the
original clinical description for that particular bone transfer. This was performed
with reference to any clinical description: case reports, case series and other
higher quality studies. Articles without a clinical case or clinical description
component (ie. theoretical papers and cadaveric-only studies) were excluded.
Furthermore, vascularised transfers of the whole toe, finger or joints were not
included. Databases used included MEDLINE (via PubMed) and Google scholar,
and articles were limited to human studies and English language. A review of
citations within the identified articles was also performed to identify any further
records of relevance. Once all clinically described bone flap papers were
identified, patterns of blood supply were defined with reference to the original
clinical references of these bone flaps as well as relevant studies found through

an additional scoping review of the anatomical literature and key references®’**.

RESULTS
Described bone flaps

The results of our literature search as represented by a flow chart can be
found in Figure 1. In total, 52 different bone flaps were identified from 27
different bones. Clinically described flaps incorporating a vascularised bony
component are presented in Table 1, Table 2 and Table 3 for the axial skeleton,
upper limb girdle and lower limb girdle respectively. Patterns of blood supply
presented for each flap should be considered a guide, and were based on the
anatomical and clinical literature where it was available.
History

Clopton Havers contributed to our early understanding of bone blood
supply, publishing his “Osteologia Nova” which he communicated to the Royal

Society in 1691%°

. After the early work of Antoni van Leeuwenhoek, Havers
formally described the Haversian canal and surmised at its role in providing

nutrients to the surrounding lamellae. Bernhard Albinus, a master of dissection



in the 18th century, built on the work of Havers and was the first to fully
appreciate the finer vasculature within bone?*. With microscopy, he went on to
describe the dual pattern of blood supply to bone from both a periosteal and a
medullary origin. These findings would stand unchallenged for more than two
centuries.

Local bone flaps, such as the “osteoplastic” calvarial flap designed by
Wagner in 1889%% were designed to address issues of surgical access. Regional
bone ﬂaps23 soon followed and were applied in the late nineteenth and
throughout the twentieth century to segmental bone defects. Before and during
World War 1, Blair* reconstructed a range of bony defects in the craniofacial
skeleton with the use of an approach not dissimilar to bone graft pre-lamination.
In this way, he transferred a rib autograft into a random pattern neck skin flap
for extended mandible reconstruction in 1915. The advent of microsurgery did
not neglect bony tissues and Taylor appears to have provided the first clinical
description of a free vascularised bone flap performed in 1974°.

Modern orthopaedic and microvascular techniques drove the desire for a
more complete understanding of the patterns of bone vascularity. Brookes®,
Trueta'® and Crock™ extended our understanding of bony blood supply in the
modern era. They further helped to define the interplay between both the
endosteal and periosteal vascular networks. This work and that of Ostrupz’g,
Weiland* and Berggren5 provided the scientific basis for a number of osseous
flap transfers including the fibula® and the deep circumflex iliac artery flaps’,
which now serve as workhorse flaps in modern reconstructive applications
(Figure 2).

Blood supply to bone

The ideal bone flap should possess:

1. Similar morphology, whether cancellous, cortical or both and in the

case of the latter, the number of cortices.

2. An uninterrupted blood supply following any form of manipulation e.g

osteotomy, corticotomy, decortication or a combination of these.

3. Sufficient bone volume and a structural configuration that meets the

biomechanical demands of the recipient site.

4. Minimal donor site morbidity



The functional organization of blood supply to bone is composed of an afferent
arterial system, a capillary bed and an efferent venous system®*??°, The afferent
arterial system distributes oxygen and nutrients to the “functional vascular
lattice” of cortical and medullary sinusoidal networks. These sinusoidal
networks are comparable to capillaries in other tissues. The efferent venous
system is a pathway of drainage through the cortex, to periosteal venules or
through large medullary venous sinuses/nutrient veins to reach the extra-
osseous venous system. Blood flow is considered to be centrifugal in direction
from endosteum to the periosteum. The pressure gradient from within the
marrow cavity (45-60mmHg) to the periosteal capillary network favours
outward flow. This is further facilitated by the muscular pump mechanism and
impact forces associated with locomotion’®. A full discussion of bone venous
drainage is beyond the scope of this article and we refer the reader to recent key
references?°,

Perfusion of the bones in the appendicular skeleton is by three systems of

91018, These are the endosteal nutrient vessels (NV), penetrating

vessels
periosteal vessels (PPV) typical of the metaphysis and epiphysis, and non-
penetrating periosteal vessels (NPPV) typical of the diaphysis (Figure 3).
Intracortical connections between periosteal and endosteal supply are through a
complex lamellar system of vessels that bridge obliquely to the longitudinal
Haversian canals. The zone between periosteal supply and the endosteal supply

a>*, although it is suggested by some experimental studies that the

is dispute
inner two-thirds of cortical bone is supplied by the endosteal system whilst the
outer one-third is supplied by the periosteal system, particularly at sites of dense
fascial attachment™ It is also suggested that the watershed or choke zone is
dynamic, such that the endosteal supply dominates perfusion to cortical bone in
youth whereas in advanced age, a greater thickness of the cortex may be
supplied by periosteum®. Connection between these two systems occurs in the
form of a passive intermediate capillary network where the endosteal source of
flow is typically dominant®*4?°,
Nutrient vessel (NV)

The NV has a periosteal and endosteal contribution to the pattern of long

bone vascularisation, with both longitudinal and centripetal supply along the



endosteal surface’(Figure 3). The endosteal supply, composed of ascending and
descending medullary vessels, extends to and supplies the metaphyseal
cancellous bone'? Vascular supply thus extends across the entire endosteal bone
surface and perfuses the inner 50% or more of the cortex. In vascularised bone
transfer, this may permit reliable survival of an en-bloc segment of long bone
based on a NV such as a segment of the fibula® or a rib based posteriorly on the
posterior intercostal artery®®. Of those flaps described, four different bone flaps
appear to align with the NV pattern of blood supply (Tables 1 and 3).

Penetrating periosteal vessels (PPV)

In the adult, the metaphyseal and epiphyseal PPV provide a predictable
end-artery extension to the endosteum 27(Figure 3). However, the PPV endosteal
supply is less dominant than the NV, and generally only permits a
unicorticate/corticocancellous osseous flap to be harvested when based on a
metaphyseal PPV. The PPV pattern of supply appears to correspond with ten
different described bone flaps (Tables 1, 2 and 3). The iliac crest flap based on
the deep circumflex iliac artery is one example of this type of flap with multiple
PPV arising from the pedicle’, as is the medial femoral condyle (MFC) flap with a
more discrete perfusion pattern®(Figure 4).

Non-penetrating periosteal vessels (NPPV)

The NPPV do not appear to have a contribution to the endosteum, and the
periosteal contribution to the cortical bone is generally limited to areas of the
outer one-third where fascial and periosteal attachments are denselz(Figure 2).
It would appear, periosteum with a thin layer of cortical bone is all that can be
reliably harvested on the NPPV system, and much experimental work supports
this conceptlo'l3’14’16. In the setting of ablative surgery, trauma or the placement
of an intramedullary nail where flow from the NV is interrupted, the periosteal
blood supply to the corticocancellous bone becomes important*?. The pattern of
vascularisation in cutaneous flaps can be manipulated in accordance with the
angiosome concept espoused by Taylor?®. It is not known whether the same
applies to bone such that by fate or design, a more substantial volume of bone
can be brought to rely on an anatomically minor source of perfusion. Fifty

osseous flaps conform to the NPPV pattern of supply (Tables 1, 2 and 3).



The NPPVs can be further sub-classified on the basis of anatomical studies
performed by Simpson'’(Figure 3). In addition to direct periosteal branches
from source arteries, there are connections between arterial networks in muscle
or fascia attached directly to bone. Direct periosteal (DP) vessels pass directly
from a named truncal or compartmental artery without traversing a bridge of
muscle or fascia to reach the periosteum. An example of this type of flap would
be the 2nd metacarpal flap®°. Another sub-type of NPPV is the musculoperiosteal
pattern (MP), where branches to the periosteum arise from vessels that course
within and a muscle that has an origin or insertion on the bone. An example of

31 or ribs3233

this would be the sternum via their respective muscle attachments
to pectoralis major, latissimus dorsi and serratus anterior. The third branching
pattern is the fascioperiosteal (FP), whereby vessels to the periosteum pass from
sources arteries that course between layers of folded deep fascia connected to
bone. The radial forearm osteocutaneous flap® is an excellent example of the
latter, with direct FP vessels of the NPPV-type that permits harvest of a cortical
flap in conjunction with fasciocutaneous tissue.
Epiphyseal blood supply

In youth, the presence of growth plates complicates arterial supply
further. Experimental and clinical studies suggest that the epiphyseal surface of
the growth plate is supplied from epiphyseal vessels, often derived from direct
epiphyseal arteries that enter between the articular cartilage and the physeal
growth plate35. This is responsible for vascularity to the resting, germinal,
proliferating, and upper hypertrophic cell layers of the growth plate by a process
of diffusion’®. The metaphyseal surface of the growth plate derives its blood
supply from the nutrient artery, which is considered to be the dominant supply
to the metaphysis’. This is the primary source for the osteoprogenitor cells that
produce the osteoid required for endochondral bone formation. In addition to
the epiphyseo-metaphyseal supply there is also a periosteal supply from local
perichondrial vessels that integrate and link with the local epiphyseal and
metaphyseal supply. The fibular epiphysis is a good example where knowledge
surrounding the vascular supply to the growth plate can be manipulated to

facilitate transfer of a growth plate with sustained long bone growth35. Irregular

type bones, such as the carpal and tarsal bones, are predominantly covered in



articular cartilage or have ligamentous connections, and as such, carry a blood
supply akin to the epiphyseal pattern, where multiple epiphyseal vessels

contribute to arterial supply and venous drainage®.

DISCUSSION
Patterns of blood supply and implications for bone healing

It seems logical that successful reconstruction of critical sized bone
defects should demand appropriately vascularised and morphologically similar
bone, though the precise dimensions of a defect that is critical is not known and
may vary from one circumstance to another. The evolving role of select
vascularised bone transfers in achieving union and carpal stability in chronic
recalcitrant scaphoid non-union where non-vascularised and pedicled
vascularised bone transfers have failed is testament to this***’. An
understanding of the patterns of osseous vascularisation may help to explain
this. Recent reports on the use of pedicled transfers for scaphoid nonunion
suggest variable union rates between 27% and 100%, depending on the choice of

30,36,38,39

flap . The pattern of blood supply for these pedicled bone flaps generally

corresponds to the NPPV configuration®®%%3°

. This pattern of blood supply may
not be sufficient to vascularise the entire bone segment raised - especially if
there is a cancellous component included. For pedicled grafts in scaphoid
nonunion, there are exceptions. Mathoulin and Haerle® described a pedicled
bone graft of the distal radius based on the radial palmar carpal arch artery
(rPCA), an artery that routinely penetrates the cancellous bone of the distal
radius and thus represents an epiphyseal-type PPV pattern of blood supp1y40. In
a series of 17 patients where this flap was used to treat scaphoid nonunion®, all
obtained union in an average of 60 days. Jones et al.®’ compared a free medial
femoral condyle flap and a pedicled vascularised distal radius bone flap, based
on the 1,2 intercompartmental supra-retinacular artery (1,2-ICSRA) pedicle, for
scaphoid non-union. They found a higher rate of union (P=0.005) and shorter
time to healing (P<0.001) for the MFC flap. As described earlier, the pattern of
blood supply to the MFC flap is best categorized as a PPV (Figure 3)

configuration with the ability to harvest a vascularised corticocancellous portion

(Figure 3D). The 1,2-ICSRA best resembles a NPPV direct periosteal blood



supply, with only 6% of vessels entering the cancellous component of the graft
on cadaveric studies. It must be recognized that many factors may be at play in
the study by Jones et al., including the potential for sampling error (n = 22) and
selection bias with a retrospective series including multiple operating surgeons.
However, reliable vascularity to the entire corticocancellous graft may yet play a
role in the success of the rPCA® and the MFC flap37 in scaphoid nonunion.
Further comparative studies across common bone reconstructions may help to
correlate perfusion type and bone flap success but clearly, an understanding of
the vascularisation of bone units used for reconstruction is critical.
Osteotomy design to preserve blood supply

Issues concerning the viability of the free vascularised osseous transfer
have been raised recently and may highlight the role of osteotomies in the
reconstructive design process*'. Jacobsen et al.*! studied free fibula flaps used to
reconstruct the mandible in 10 patients. Biopsies at the time of dental implant
insertion (mean 19 months post-op) were taken. All bone biopsies showed
evidence of either complete cortical necrosis or patchy bony necrosis, despite
description by the authors as having a bleeding periosteal layer overlying intact
cortex at the time of biopsy. Although most patients had undergone radiotherapy
to the region, this is still a curious observation. The fibula flap is a tubular
corticocancellous strut that typically relies on the NV for bone viability in
microvascular transfer. In keeping with the current understanding of bone blood
supply, it is conceivable that interruption of the endosteal supply and
subsequent reliance on the NPPV circulation may devitalise portions of the flap
distal to the segment in direct continuity with the NV. It is necessary to
osteotomise the fibula up to six times to ensure an adequate contour of the bone
flap for implant placement and restoration of facial contour. This in turn may
lead to decreased or arrested perfusion to osteotomised segments, leading to
varying rates of resorption and patchy necrosis of the transferred bone. This
could have major consequences such as loosening of hardware intended for
osteosynthesis and the inability to osseointegrate prosthetic implants. It is
possible that clinical outcomes are moderated by the dynamic and age-
dependant nature of the watershed outlined earlier. Alternatively, the iliac crest,

with its distinctive natural curve, may be transferred without osteotomies for



central or hemi-mandibular defects, which thereby serves to preserve the PPV-
type blood supply for this flap. Osteotomy-related devascularisation may help to
account for the higher incidence of implant loss with vascularised fibula for
mandible reconstruction when compared with iliac crest, as demonstrated by a
recent meta-analysis42. Moreover, in the emerging era of tailored oncological
care, head and neck cancer patients can expect much improved survival rates,
and so, longevity of a functioning reconstruction becomes increasingly
important.

“True” and “choke” anastomoses in cortical bone

A further consideration of importance to bone flap harvest and osteotomy
design are the zones of blood supply within the bone cortex and along its
periosteal surface (Figure 3). Gur et al.** showed that an osteotomy distal and
proximal to the nutrient artery in a live porcine model does not change viability
of the fibula bone if the periosteal envelope is preserved. In this study eight pigs
underwent unilateral osteotomy at several different sites along the fibula and
after 21 days there was no clear difference in bone histological viability between
the segments, despite a reduction in bone blood flow to these segments **. This
raises the possibility that the centrifugal flow of blood, driven by the endosteal
pressure gradient, is reversed in certain areas with flow therein shunting from
the periosteal system to the endosteum - perhaps mirroring the presence of
“true” anastomoses** between the periosteal and endosteal circulation at these
sites. As flow through this system is attenuated, viability to the remaining flap
may be partly preserved based on this periosteal supply alone™.

Further understanding can be derived from the work of Huggins and
Weigel3, who were able to show medium to large areas of medullary infarction in
rabbit femurs during the immediate 2 weeks following nutrient artery ablation.
From a histological perspective, those bones reviewed after this two week period
(up to 88 days post intervention) showed minimal change compared with
normal bone tissue. Following a period of avascularity and reduced
intramedullary pressure, the periosteal circulation may re-assert itself as the
principal source of perfusion to the corticocancellous bone. This mechanism may
not be dissimilar to the concept of “choke” anastomoses in the integument44 and

vascular changes as seen with the delay phenomenonlg.



Another concept is the change in periosteal blood supply during age®, and
the effects this may have on the cortical bone choke zone. In particular, Trueta®
and Crock™ both reported a pronounced periosteal blood supply to cortical bone
in human cadavers of the seventh decade and older. Brookes evaluated this
concept further, and compared the dominance of the periosteal supply to the
femoral diaphysis in a limited number of limbs attained from subjects between
21 and 88 years of age at the time of death®. He found that before the age of 35,
the diaphyseal cortex was predominantly vascularised by the endosteal
circulation and that in older age (70 years and older) the periosteum was more
dominant. When extrapolating this concept to vascularised bone transfer, it may
be that the perfusion to the iliac crest based on the DCIA PPV-type circulation is
more reliably preserved in the younger demographic. In contrast, for the elderly
patient, the osteotomised fibula (with its distal segments sustained only by the
NPPV type circulation) may be a more appropriate choice to ensure sufficient
bone vascularity. The clinical significance of the age-related changes in cortical
bone blood supply, as it relates to vascularised bone transfer, appears unclear to
date and both anatomical and clinical studies are required to further define the
impact of this concept.

In addition to the anastomotic zones in the cortex, there is also a dense
vascular network along the periosteal surface. For the fibula, the outer cortical
bone distal to the NV foramen relies on the NPPV pattern of supply, which is
particularly dense at sites of muscle attachment'’ and is the basis for the
peroneus brevis osteomuscular ﬂap45. Harvesting muscle attached to the
longitudinal axis is typically employed to protect the peroneal artery pedicle but
may also help to augment overall blood supply to the bone flap by making use of
the MP NPPV pattern of supply™’. In terms of venous drainage, adjacent muscle
harvested with the flap may also assist venous outflow and thereby reduce the
intrinsic resistance of the vascular circuit within the bone transfer, as muscle can
augment venous drainage in long bones’’. Ultimately, this may have implications
for improved anastomotic patency in the bone flap. Further work using modern
histological and imaging techniques is required to validate the process of

ongoing perfusion to segments of bone sustained only by the periosteal



circulation, age-related changes to the periosteal blood supply as well as the

possible existence of “true” and “choke” vessel phenomenon in cortical bone.

CONCLUSION

Vascularised bone is an excellent reconstructive option for bone defects,
particularly in the setting of critical-sized defects. An important part of defect
analysis is the osseous defect and consideration should be given to its functional
requirements because in this regard, not all bone flaps are the same. Further
study will be needed to define the implications of the pattern of bone flap
vascularity on reconstructive outcomes, whether osteotomy in certain flaps
handicaps the intended reconstruction, and whether “true” and “choke”

anastomoses exist in cortical bone.

FIGURE LEGENDS

Figure 1. Flow diagram depicting the literature review process and results.
*Search terms for this component of the strategy included each bone in the
human body (parietal bone, temporal bone etc.). *The pattern of blood supply
was assessed based on the description in the article along with a scoping review
of the anatomical literature and in accordance with work by Panje and Cutting®®,

Cormack and Lamberty*® and Simpson®’.

Figure 2. Traumatic segmental defect of the right radius (A, B) reconstructed
with a free vascularised fibula transfer (C) with clinical union and an optimal
functional outcome (D). White arrow with whole stem indicates defect site.

White arrow with interrupted stem indicates defect with fibula reconstruction.



Figure 3. A system for bone flap classification based on the current
understanding of blood supply patterns to bone. NV, nutrient vessel; PPV,
penetrating peiosteal vessel; NPPV, non-penetrating periosteal vessel; Asc,

ascending; Desc., descending.

Figure 4. The chimeric medial femoral condyle flap, harvested from the medial
aspect of the knee (A, B). The blood supply, via the osteoarticular branch of the
descending genicular artery (C, arrow), is the most common source vessel for
bone harvest (D, arrow). Based on this vessel axis, variations of skin and muscle

(D, arrowhead), cartilage and tendinous tissue can be harvested alongside bone.

REFERENCES

1. Wagels M, Rowe D, Senewiratne S, Theile DR. History of lower
limb reconstruction after trauma. ANZ J Surg. 2013
May;83(5):348-53.

2. Ostrup LT, Fredrickson JM. Distant transfer of a free, living bone
graft by microvascular anastomoses. An experimental study.
Plastic and Reconstructive Surgery. 1974 Sep;54(3):274-85.

3. Ostrup LT, Fredrickson JM. Reconstruction of mandibular defects
after radiation, using a free, living bone graft transferred by
microvascular anastomose. An experimental study. Plastic and
Reconstructive Surgery. 1975 May;55(5):563—-72.



10.

11.

12.

13.

14.

15.

16.

17.

Weiland AJ, Phillips TW, Randolph MA. Bone grafts: a radiologic,
histologic, and biomechanical model comparing autografts,
allografts, and free vascularized bone grafts. Plast Reconstr Surg.
1984 Sep;74(3):368-79.

Berggren A, Weiland AJ, Dorfman H. Free vascularized bone
grafts: factors affecting their survival and ability to heal to recipient
bone defects. Plastic and Reconstructive Surgery. 1982
Jan;69(1):19-29.

Taylor GI, Miller GD, Ham FJ. The free vascularized bone graft. A
clinical extension of microvascular techniques. Plast Reconstr
Surg. 1975 May;55(5):533-44.

Taylor GI, Townsend P, Corlett R. Superiority of the deep
circumflex iliac vessels as the supply for free groin flaps. Clinical
work. Plastic and Reconstructive Surgery. 1979 Dec;64(6):745-59.

Wood MB, Cooney WP. Vascularized bone segment transfers for
management of chronic osteomyelitis. Orthop Clin North Am. 1984
Jul;15(3):461-72.

Brookes M, Revell WJ. The Blood Supply of Bone. London:
Springer-Verlag; 1998. 1 p.

Trueta J. Studies of the Development and Decay of the Human
Frame. London: Butterworth-Heinemann; 1968. 1 p.

Crock HV, Crock MC. The Blood Supply of the Lower Limb Bones
in Man. London: Livingstone; 1967. 1 p.

Rhinelander FW. Tibial blood supply in relation to fracture healing.
Clin Orthop Relat Res. 1974 Nov;(105):34-81.

Huggins C, Wiege E. The effect on the bone marrow of disruption
of the nutrient artery and vein. Annals of Surgery. 1939
Nov;110(5):940-7.

Kofoed H, Sjgntoft E, Siemssen SO, Olesen HP. Bone marrow
circulation after osteotomy. Blood flow, pO2, pCO2, and pressure
studied in dogs. Acta Orthop Scand. 1985 Oct;56(5):400-3.

Gur E, Chiodo A, Pang CY, Mendes M, Pritzker KP, Neligan PC,
et al. The vascularized pig fibula bone flap model: effects of
multiple segmental osteotomies on growth and viability. Plastic
and Reconstructive Surgery. 1999 Apr;103(5):1436—42.

Morgan JD. Blood supply of growing rabbit's tibia. J Bone Joint
Surg Br. 1959 Feb;41-B(1):185-203.

Simpson AH. The blood supply of the periosteum. Journal of
Anatomy. 1985 Jun;140 ( Pt 4):697—704.



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Panje W, Cutting C. Trapezius osteomyocutaneous island flap for
reconstruction of the anterior floor of the mouth and the mandible.
Head Neck Surg. 1980 Aug;3(1):66—71.

Cormack GC, Lamberty BGH. The Arterial Anatomy of Skin Flaps.
1994. 1 p.

Havers C. Osteologia Nova, Or Some New Observations of the
Bones, and the Parts Belonging to Them. London: Smith; 1691.

Albinus BS. Academicarum Annotationum Liber Ill. Leidae: J & H
Verbeek; 1764. 1 p.

Wagner W. Die temporére Resektion des Schadeldaches an Stelle
der Trepanation. Centralbl Chir. 1889 Jan 1;(16):833-8.

Huntington TW. Case of Bone Transference. Use of a Segment of
Fibula to Supply a Defect in the Tibia. Annals of Surgery. Springer-
Verlag; 1905 Jan 1;41:249-51.

Blair VP. Surgery and diseases of the mouth and jaws; a practical
treatise on the surgery and diseases of the mouth and allied
structures. 1915 May 28;:269-70.

McCarthy I. The physiology of bone blood flow: a review. J Bone
Joint Surg Am. 2006 Nov;88 Suppl 3:4-9.

Buncke HJ, Furnas DW, Gordon L, Achauer BM. Free
osteocutaneous flap from a rib to the tibia. Plast Reconstr Surg.
1977 Jun;59(6):799-804.

Morgan JD. Blood supply of growing rabbit's tibia. J Bone Joint
Surg Br. 1959 Feb;41-B(1):185-203.

Hertel R, Masquelet AC. The reverse flow medial knee
osteoperiosteal flap for skeletal reconstruction of the leg.
Description and anatomical basis. Surg Radiol Anat.
1989;11(4):257-62.

Taylor Gl, Palmer JH. The vascular territories (angiosomes) of the
body: experimental study and clinical applications. Br J Plast Surg.
1987 Mar;40(2):113-41.

Zaidemberg C, Siebert JW, Angrigiani C. A new vascularized bone
graft for scaphoid nonunion. J Hand Surg Am. 1991
May;16(3):474-8.

Green MF, Gibson JR, Bryson JR, Thomson E. A one-stage
correction of mandibular defects using a split sternum pectoralis
major osteo-musculocutaneous transfer. Br J Plast Surg. 1981
Jan;34(1):11-6.



32.

33.

34.

35.

36.

37.

38.

39.

40.

4].

42.

43.

44,

Richards MA, Poole MD, Godfrey AM. The serratus anterior/rib
composite flap in mandibular reconstruction. Br J Plast Surg. 1985
Oct;38(4):466-77.

Schmidt DR, Robson MC. One-stage composite reconstruction
using the latissimus myoosteocutaneous free flap. Am J Surg.
1982 Oct;144(4):470-2.

Soutar DS, Scheker LR, Tanner NS, McGregor IA. The radial
forearm flap: a versatile method for intra-oral reconstruction. Br J
Plast Surg. 1983 Jan;36(1):1-8.

Tsai TM, Ludwig L, Tonkin M. Vascularized fibular epiphyseal
transfer. A clinical study. Clin Orthop Relat Res. 1986
Sep;(210):228-34.

Mathoulin C, Haerle M. Vascularized bone graft from the palmar
carpal artery for treatment of scaphoid nonunion. J Hand Surg Br.
1998 Jun;23(3):318-23.

Jones DB, Birger H, Bishop AT, Shin AY. Treatment of scaphoid
waist nonunions with an avascular proximal pole and carpal
collapse. A comparison of two vascularized bone grafts. J Bone
Joint Surg Am. 2008 Dec;90(12):2616-25.

Chacha PB. Vascularised pedicular bone grafts. Int Orthop.
1984:8(2):117-38.

Moran SL, Cooney WP, Berger RA, Bishop AT, Shin AY. The use
of the 4 + 5 extensor compartmental vascularized bone graft for
the treatment of Kienbdck's disease. J Hand Surg Am. 2005
Jan;30(1):50-8.

Sheetz KK, Bishop AT, Berger RA. The arterial blood supply of the
distal radius and ulna and its potential use in vascularized pedicled
bone grafts. J Hand Surg Am. 1995 Nov;20(6):902-14.

Jacobsen C, Lubbers H-T, Obwegeser J, Soltermann A, Gratz K-
W. Histological evaluation of microsurgical revascularized bone in
the intraoral cavity: does it remain alive? Microsurgery. 2011
Feb;31(2):98-103.

Lonie S, Herle P, Paddle A, Pradhan N, Birch T, Shayan R.
Mandibular reconstruction: meta-analysis of iliac- versus fibula-
free flaps. ANZ J Surg. 2015 Sep 1.

Gur E, Chiodo A, Pang CY, Mendes M, Pritzker KP, Neligan PC,
et al. The vascularized pig fibula bone flap model: effects of
multiple segmental osteotomies on growth and viability. Plastic
and Reconstructive Surgery. 1999 Apr;103(5):1436—42.

Taylor Gl, Chubb DP, Ashton MW. True and “choke” anastomoses



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

between perforator angiosomes: part i. anatomical location. Plast
Reconstr Surg. 2013 Dec;132(6):1447-56.

Schmidt AB, Giessler GA. The muscular and the new
osteomuscular composite peroneus brevis flap: experiences from
109 cases. Plast Reconstr Surg. 2010 Sep;126(3):924-32.

Jones RW. The repair of skull defects by a new pedicle bone-graft
operation. Br Med J. 1933 May 6;1(3774):780-1.

Dogliotti PL, Bennun RD. Occipitoparietal bone flap for mandibular
reconstruction. Journal of Craniofacial Surgery. 1995
May;6(3):249-54.

Curioni C, Toscano P, Fioretti C, Salerno G. Reconstruction of the
orbital floor with the muscle-bone flap (temporal muscle with
coronoid process). J Maxillofac Surg. 1983 Dec;11(6):263-8.

Martin D, Pascal JF, Baudet J, Mondie JM, Farhat JB, Athoum A,
et al. The submental island flap: a new donor site. Anatomy and
clinical applications as a free or pedicled flap. Plast Reconstr Surg.
1993 Oct;92(5):867-73.

Ward PH, Canalis R, Fee W, Smith G. Composite hyoid
sternohyoid muscle grafts in humans. Its use in reconstruction of
subglottic stenosis and the anterior tracheal wall. Arch Otolaryngol.
1977 Sep;103(9):531-4.

Cuono CB, Ariyan S. Immediate reconstruction of a composite
mandibular defect with a regional osteomusculocutaneous flap.
Plast Reconstr Surg. 1980 Apr;65(4):477-84.

Ariyan S, Finseth FJ. The anterior chest approach for obtaining
free osteocutaneous rib grafts. Plast Reconstr Surg. 1978
Nov;62(5):676-85.

Siemssen SO, Kirkby B, O'Connor TP. Immediate reconstruction
of a resected segment of the lower jaw, using a compound flap of
clavicle and sternomastoid muscle. Plast Reconstr Surg. 1978
May;61(5):724-35.

Snyder CC, Bateman JM, Davis CW, Warden GD. Mandibulo-
facial restoration with live osteocutaneous flaps. Plast Reconstr
Surg. 1970 Jan;45(1):14-9.

Coleman JJ, Sultan MR. The bipedicled osteocutaneous scapula
flap: a new subscapular system free flap. Plastic and
Reconstructive Surgery. 1991 Apr;87(4):682—-92.

Teot L, Bosse JP, Moufarrege R. The scapular crest pedicled bone
graft.



. International Journal of Microsurgery. 1981 Jan 1;3:257-62.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Vacher C. The osteo-muscular dorsal scapular (OMDS) flap.
Anatomic basis of a new pedicled flap for mandibular
reconstruction. Surg Radiol Anat. 2008 Feb 19;30(3):233-8.

Katsaros J, Schusterman M, Beppu M, Banis JC, Acland RD. The
lateral upper arm flap: anatomy and clinical applications. Annals of
Plastic Surgery. 1984 Jun;12(6):489-500.

Moshammer HE, Hellbom BA, Schwarzl FX, Haas FM, Pierer GR.
Reconstruction of a complex defect on the foot with an
osteotendofasciocutaneous lateral arm free flap. Case report.
Scand J Plast Reconstr Surg Hand Surg. 1997 Sep;31(3):271-3.

Lovie MJ, Duncan GM, Glasson DW. The ulnar artery forearm free
flap. Br J Plast Surg. 1984 Oct;37(4):486-92.

Costa H, Smith R, McGrouther DA. Thumb reconstruction by the
posterior interosseous osteocutaneous flap. Br J Plast Surg. 1988
May;41(3):228-33.

Biemer E, Stock W. Total thumb reconstruction: a one-stage
reconstruction using an osteo-cutaneous forearm flap. Br J Plast
Surg. 1983 Jan;36(1):52-5.

Kuhlmann JN, Mimoun M, Boabighi A, Baux S. Vascularized bone
graft pedicled on the volar carpal artery for non-union of the
scaphoid. J Hand Surg Br. 1987 Jun;12(2):203-10.

Beck E. [Transfer of pisiform bone on vascular pedicle in the
treatment of lunatomalacia]. Handchirurgie. 1971;3(2):64—7.

Roy-Camille R. Fractures et pseudarthroses du scaphoide moyen.
Utilisation d’'un greffo pedicule

. Actual Chir Ortho R Poincare. 1965 Jan 1:;4:197-214.

66.

67.

68.

Rozen WM, Niumsawatt V, Ross R, Leong JC, EkK EW. The
vascular basis of the hemi-hamate osteochondral free flap. Part 1:
vascular anatomy and clinical correlation. Surg Radiol Anat.
Springer Paris; 2013 Sep;35(7):585-94.

Bertelli JA, Tacca CP, Rost JR. Thumb metacarpal vascularized
bone graft in long-standing scaphoid nonunion--a useful graft via
dorsal or palmar approach: a cohort study of 24 patients. J Hand
Surg Am. 2004 Nov;29(6):1089-97.

Brunelli F, Mathoulin C, Saffar P. [Description of a vascularized
bone graft taken from the head of the 2nd metacarpal bone]. Ann
Chir Main Memb Super. 1992;11(1):40-5.



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Santa-Comba A, Amarante J, Silva A, Rodrigues J. Reverse
dorsal metacarpal osteocutaneous flap. Br J Plast Surg. 1997
Oct;50(7):555-8.

Verolino P, Casoli V, Kostopoulos E, Castede JC, Pelissier P,
Martin D, et al. Second to third phalanx vascularized bone transfer.
Plast Reconstr Surg. 2006 Jan;117(1):1e-5e.

Baker SR. Reconstruction of mandibular defects with the
revascularized free tensor fascia lata osteomyocutaneous flap.
Arch Otolaryngol. 1981 Jul;107(7):414-8.

Zhou L, Tan J, Li Y. [Treating avascular necrosis of femoral head
in young adult by grafting sartorius muscle iliac bone flap].
Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi. 2007 Aug;21(8):814—
6.

Huang GK, Hu RQ, Miao H, Yin ZY, Lan TD, Pan GP.
Microvascular free transfer of iliac bone based on the deep
superior branches of the superior gluteal vessels. Plastic and
Reconstructive Surgery. 1985 Jan;75(1):68-74.

Zhao JT. Free iliac skin flap transplantation by anastomosing the
fourth lumbar blood vessel. Plastic and Reconstructive Surgery.
1986 May;77(5):836—42.

Curran JP, McGaw WH. Posterolateral spinal fusion with pedicle
grafts. Clin Orthop Relat Res. 1968 Jul;59:125-9.

Meyers MH, Harvey JP, Moore TM. Treatment of displaced
subcapital and transcervical fractures of the femoral neck by
muscle-pedicle-bone graft and internal fixation. A preliminary
report on one hundred and fifty cases. J Bone Joint Surg Am. 1973
Mar;55(2):257—74.

Masquelet AC, Nordin JY, Guinot A. Vascularized transfer of the
adductor magnus tendon and its osseous insertion: a preliminary
report. J reconstr Microsurg. © 1985 by Thieme Medical
Publishers, Inc; 1985 Jan;1(3):169-76.

Acartirk TO. Femur-vastus intermedius-anterolateral thigh
osteomyocutaneous composite chimeric free flap: a new free flap
for the reconstruction of complex wounds. J reconstr Microsurg. ©
Thieme Medical Publishers; 2011 Mar;27(3):187-94.

Pho RW, Patterson MH, Satku K. A gastrocnemius-pedicled
femoral bone graft in resection arthrodesis at the knee. J Bone
Joint Surg Br. 1988 May;70(3):354—7.

Januszkiewicz JS, Mehrotra ON, Brown GE. Calcaneal fillet flap: a
new osteocutaneous free tissue transfer for emergency salvage of
traumatic below-knee amputation stumps. Plastic and



81.

82.

Reconstructive Surgery. 1996 Sep;98(3):538-41.

McFadden JA. Vascularized partial first metatarsal transfer for the
treatment of phalangeal osteomyelitis. J reconstr Microsurg. ©
1998 by Thieme Medical Publishers, Inc; 1998 Jul;14(5):309-12.

MacLeod AM, O'Brien BM, Morrison WA. Microvascular
techniques in reconstruction following major resections for cancer
of the head and neck. Aust N Z J Surg. 1979 Dec;49(6):648-53.



Table 1. Clinically described vascularised bone transfers of the axial skeleton

with source vessels and proposed patterns of blood supply. NV, nutrient vessel;

PPV, penetrating peiosteal vessel; NPPV, non-penetrating periosteal vessel; DP,

direct periosteal; MP, musculoperiosteal; FP, fascioperiosteal; Ref., reference for

original flap description; STA, superficial temporal artery; OccA, occipital artery;

SmA, submental artery; SpThyr, superior thyroid artery; TAA, thoraco-acromial

axis; IMA, internal mammary artery; TDA, thoracodorsal artery; PlntercostA,

posterior intercostal artery.

Bone flap (source vessel) Ref. Blood supply
Temporal/parietal bones (STA) %0 NPPV (FP/MP)
Occipital bone (OccA) 47 NPPV (FP/MP)
Mandible, coronoid process (STA) 48 NPPV (MP)
Mandible, body (SmA) 49 NPPV (MP)
Hyoid with sternohyoid (SpThyr) %0 NPPV (MP/DP)
Sternum, anterolateral (TAA) 31 NPPV (MP)
Rib, anterior (TAA) >1 NPPV (MP)
Rib, anterior (IMA) > NPPV (DP/MP)
Rib, laterally with serratus anterior (TDA) 32 NPPV (MP)
Rib, laterally with latissimus dorsi (TDA) zz NPPV (DP/MP)

Rib, posterolateral (PIntercostA)

NV & NPPV (DP)




Table 2. Clinically described vascularised bone transfers of the upper limb girdle
with source vessels and proposed patterns of blood supply. NV, nutrient vessel;
PPV, penetrating peiosteal vessel; NPPV, non-penetrating periosteal vessel; DP,
direct periosteal; MP, musculoperiosteal; FP, fascioperiosteal; Ref., reference for
original flap description; SCMbr, sternocleidomastoid branch of superior thyroid
artery; TCA, transverse cervical artery; TDA, thoracodorsal artery; CSA,
circumflex scapular artery; DSA, dorsal scapular artery; PBA, profunda brachii
artery; UA, ulnar artery; PinterosA, posterior interosseous artery; RA, radial
artery; AlA, anterior interosseous artery; rPCA, right palmar carpal arch artery;
1,2-1C SRA, 1st/2rd-intercomparmental supra-retinacular artery; 4th/5th- extensor
compartment artery; DB of UA, deep branch of ulnar artery; SPB of RA,
superficial palmar branch of radial artery; 1-DMA, 1st dorsal metacarpal artery;

4-DMA, 4t dorsal metacarpal artery; PPDA, proper palmar digital artery; *can be

harvested with latissimus dorsi or serratus anterior.

Bone flap (source vessel)

Ref. Blood supply

53

Clavicle, sub-total (SCMbr) NPPV (MP/FP)
Clavicle, medial (SCMbr) 24 NPPV (MP/FP)
Clavicle, lateral >4 NPPV (FP)
Scapular spinous crest (TCA) 18 NPPV (MP)
Scapular inferior angle (Angular artery of TDA*) %5 PPV

Scapular lateral border (CSA) % NPPV (DP/FP/MP)
Scapular medial border (DSA) >/ NPPV (DP/FP/MP)
Humerus, lateral (PBA) > NPPV (FP/MP)
Ulna, olecranon (PBA) %9 NPPV (MP)

Ulna, volar shaft (UA) ®  NPPV (FP/DP)
Ulna, dorsal shaft (PInterosA) 61 NPPV (FP/MP)
Radius, lateral shaft (RA) 2 NPPV (FP)

Radius, volar shaft with pronator quadratus (AIA) 38 NPPV (MP)
Radius, volar/medial shaft (rPCA) 63 PPV > NPPV (DP)
Radius, dorsal metaphysis (1,2-IC SRA) %0 NPPV (DP)

Radius, dorsal metaphysis (4,5 ECA) 39 NPPV (DP) > PPV
Pisiform (DB of UA) ®  NPPV (DP)
Scaphoid tubercle with abductor pollicis brevis (SPB of 65 NPPV (MP)

RA)

Hamate (DB of UA) ®  NPPV (DP)

1st metacarpal shaft (1-DMA) 67 NPPV (DP)

2nd metacarpal shaft (1-DMA) ®  NPPV (DP)

5th metacarpal shaft (4-DMA) 69 NPPV (DP/MP)
Middle phalanx (PPDA) O NPPV (DP/FP) & PPV




Table 3. Clinically described vascularised bone transfers of the lower limb girdle

with source vessels and proposed patterns of blood supply. NV, nutrient vessel;

PPV, penetrating peiosteal vessel; NPPV, non-penetrating periosteal vessel; DP,

direct periosteal; MP, musculoperiosteal; FP, fascioperiosteal; Ref., reference for

original flap description; DCIA, deep circumflex iliac artery; SCIA, superficial

circumflex femoral artery; LCFA, lateral circumflex femoral artery; SGA, superior

gluteal artery; 4-LA, 4t lumbar artery; 4,5-LA, 4th/5th Jumbar arteries; MCFA,

medial circumflex femoral artery; DGA, descending genicular artery; LSA, lateral

sural artery; ATA, anterior tibial artery; PTA, posterior tibial artery; PerA,

peroneal artery; DPA, dorsalis pedis artery.

Bone flap (source vessel) Ref. Blood supply

[lium, anterior crest (DCIA) ! PPV & NPPV (DP/MP)
Ilium, anterior crest (SCIA) ! NPPV (DP/MP)

[lium, anterior with tensor fascia lata (LCFA) 7 NPPV (MP)

[lium, anterior with sartorius (LCFA) 2 NPPV (MP)

Ilium, lateral (SGA) ®  NPPV (MP) & PPV
Ilium, posterior (4-LA) " PPV &NPPV (DP)
[lium, posterior with erector spinae (4,5-LA) 75 NPPV (MP)

Femur, greater trochanter with quadratus femoris & NPPV (MP)

(MCFA)

Femur, medial condyle (DGA) 28 PPV

Femur, adductor tubercle (DGA) 7 NPPV (MP)

Femur, distal anterior with vastus intermedius (LCFA) 8 NPPV (MP)

Femur, posterior with lateral head of gastrocnemius & NPPV (MP)

(LSA)

Fibula, epiphysis (PerA & ATA) % NV&PPV

Fibula (PerA) ® NV & NPPV (DP/MP)
Fibula, distal (PerA) > NPPV (DP/MP)
Calcaneus (PTA & tarsal branches) zcl) NPPV (DP/MP) & PPV

1st metatarsal (DPA)
2nd metatarsal (DPA)
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NPPV (DP)
NV & NPPV (DP)




relevant bone*

Manual search of MEDLINE and Google
Scholar with the following strategy:
“vascularised bone” OR “bone flap” AND

Limitations: Human species, English language

A 4

Total number of articles with
search strategy after removing
duplicates
(n=961)

Total original bone flaps
identified after abstract / article
perusal
(n=21)

Additional original
bone flaps identified
from citation review

and other sources
(n=31)

Axial skeleton Upper Limb Girdle Lower Limb Girdle
(n=11) (n=23) (n=18)
Total number of bone flaps
identified
(n=52)
Assessment of
blood supply*

1. Nutrient vessel

Vascularised bone transfers classified by blood supply

2. Penetrating periosteal vessel
3. Non-penetrating periosteal vessel







ACCEPTED MANUSCRIPT

musculoperiosteal (MP)
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periosteal
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non-penetrating periosteal
vessel (NPPV)
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direct
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vessel (NV)







