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a b s t r a c t 

Massive segmental bone defects (SBD) are mostly treated by removing the fibula and transplanting it 

complete with blood supply. While revolutionary 50 years ago, this remains the standard treatment. This 

review considers different strategies to repair SBD and emerging potential replacements for this highly 

invasive procedure. Prior to the technical breakthrough of microsurgery, researchers in the 1960s and 

1970s had begun to make considerable progress in developing non autologous routes to repairing SBD. 

While the breaktthrough of vascularised bone transplantation solved the immediate problem of a lack of 

reliable repair strategies, much of their prior work is still relevant today. We challenge the assumption 

that mimicry is necessary or likely to be successful and instead point to the utility of quite crude (from 

a materials technology perspective), approaches. Together there are quite compelling indications that the 

body can regenerate entire bone segments with few or no exogenous factors. This is important, as there 

is a limit to how expensive a bone repair can be and still be widely available to all patients since cost 

restraints within healthcare systems are not likely to diminish in the near future. 

Statement of Significance 

This review is significant because it is a multidisciplinary view of several surgeons and scientists as to 

what is driving improvement in segmental bone defect repair, why many approaches to date have not 

succeeded and why some quite basic approaches can be as effective as they are. While there are many 

reviews of the literature of grafting and bone repair the relative lack of substantial improvement and 

slow rate of progress in clinical translation is often overlooked and we seek to challenge the reader to 

consider the issue more broadly. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction to bone defects 

.1. Definition of the problem 

Patients are poorly served by current solutions for segmen- 

al bone defects (SBD). This review will summarize current and 

merging technologies to regenerate bone that are likely to im- 

act SBD treatments as well as provide a new examination of 

nderlying principles and earlier works that predate vascularized 

ree bone grafts. Bone defects can be subclassified in the follow- 

ng three categories: 1) Small bone defects causing little or no 

tructural instability, 2) critical sized bone defects < 5 cm or 3) 
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egmental bone defects > 5 cm. ( Fig. 1 ) [1] . Although each bone

efect has its own challenges, small bone defects can generally 

e treated with shortening of a bone, using small non-structural 

utograft/allograft, or usage of one of the many bone graft sub- 

titutes available. When defects affect structural stability or clin- 

cal outcome/function, then shortening is no longer optimal and 

ore complex reconstruction is required mainly because sponta- 

eous healing will not occur. In general, this is the case for de- 

ects of 2–5 cm. When defects become greater than 5 cm, the so- 

alled massive defects, then reconstruction of this type of defect is 

ven more challenging. Massive defects are seen after trauma, can- 

er surgery, and osteomyelitis. It is to be noted that a wide variety 

f preclinical models have been used to study defects [ 2 , 3 ]. These

odels have varied solutions that differ in size depending on the 

ones and animal species and can range from as little as 2 × 2 mm 

ylinder for rat femur [4] to 3 cm for sheep tibia [5] . The reader is

https://doi.org/10.1016/j.actbio.2021.09.053
http://www.ScienceDirect.com
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Fig. 1. Bone defects and current clinical solutions; A: Small bone defect < 2 cm, B: critical sized and C, segmental bone defects. (ORIF- Open reduction internal fixation). 
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irected to other texts specifically dealing with this topic [6–8] . It 

s hard to generalize about the numbers of patients suffering from 

assive bone loss as injury rates and causes vary. For example in 

ampala, Uganda the prevalence of traumatic bone loss following 

pen long bone fractures was 26.5% and 61.1% of these involved ≥
.5 cm loss with gunshot injuries being the leading cause of trau- 

atic bone loss. At the Edinburgh Orthopaedic Trauma Unit, Ed- 

nburgh, Scotland, significant bone loss is seen in only a small mi- 

ority of all fractures. Between 1988 and 1998, fractures with bone 

oss accounted for 0.4% of all fractures, but was 11.4% of open frac- 

ures. The majority of these fractures were high energy wounds of 

he tibia, > 10 cm, with extensive soft tissue injury and contamina- 

ion with a smaller proportion involving additional vascular injury, 

Gustilo grade1–3 IIIB and C). The mean age of patients admitted 

ith fractures with bone loss was 37 years and 71% of these pa- 

ients were male [9] , more than 50% of high energy fractures are 

aused by traffic accidents and high falls [10] . 

In massive bone defects, bone grafts (autografts or allografts) 

re at risk of resorption and usually require more complex recon- 

truction. Therefore, many different solutions have been proposed 

ith their own set of pros and cons to address these segmental 

one defects [11] . Some solutions include bone transport, combi- 

ations of implants/allograft/cement, or custom implants. Hence, 

one deficits are approached differently depending on the anatom- 

cal site, the size, and the structural integrity of the bone in ques- 

ion, as well as the etiology that caused the defect [ 12 , 13 ]. In

ther words, segmental bone defects related to infection will differ 

rom those of a large tumor resection. Patients with large segmen- 

al bone loss incur significant hospital costs (e.g. originating from 

racture: $86,453 (95%CI: 62,027–120,498), osteomyelitis $156,818 

95%CI: 112,970–217,685) or non-union $93,910 (95%CI: 52,851–

66,865)). Despite state of the art treatment, patients with large 

egmental bone loss from osteomyelitis have a 14.5% risk of ampu- 

ation [14] . 

Over several discrete eras in biological, surgical, technological, 

nd materials science advances, different bottlenecks to improve- 

ents in bone repair have been overcome. For example, prior to 

idespread application of microsurgical bone transplantation de- 

eloped in the mid-1970s, scientists tried to improve outcomes 
38 
f mainly large allografts - the state of the art alternate to auto- 

raft at that time [15] . While not immediately successful at that 

ime due to several roadblocks such as resorption, infection and 

ack of integration, these experiments provide fascinating insights 

hat are relevant today. Many of these reports have been dismissed 

s old concepts yet the data can be extremely valuable in help- 

ng guide current strategies. For example, the stated goal of many 

ontemporary bone regeneration ‘scaffolds’ is to maintain viability 

f tissue by incorporating or promoting [16–18] nutrient ingress 

hrough pores and channels . However, in apparent contradiction 

o current goals, it has been thought as early as 1940 that necro- 

is of transplanted marrow was a prerequisite for bone formation 

 15 , 19 ]. Burwell proposed that the purpose of a cancellous allo- 

raft scaffold was in fact to reduce marrow cell survival by reduc- 

ng the available surface for neovascularization, thereby resulting 

n the release of an agent, still unidentified, that induced bone for- 

ation. One can speculate through today’s lens, that this was a 

eginning of the identification of the role of immunology of the 

hole organism in bone health and healing- since damage asso- 

iated molecular patterns (DAMPs) [ 20 , 21 ] are known to initiate 

rom dying tissue. It was observed that marrow transplants with- 

ut a supporting scaffold were squashed flat and rarely yielded 

ew bone formation but when loaded in a scaffold more bone for- 

ation did occur. That was attributed to the greater necrosis of 

arrow constrained in a volume, at least several mm thick in each 

xis [15] . The reader is directed to the first six chapters of the clas-

ic text by Urist, O’Connor and Burwell [22] , for further historical 

nsights on attempts to make allografts better through the use of 

arrow. These are also the authors that first postulated Bone Mor- 

hogenetic Proteins (BMP). 

The breakthrough of vascularized bone free flaps in 1975 

23] made improvement of allograft osteogenicity less of a prior- 

ty. At around the same time, two more important pieces of the 

one biology puzzle were uncovered, BMP and mesenchymal stro- 

al cells (MSC) [ 24 , 25 ]. Today after decades of research and thou-

ands of publications on these two subjects, we are still not com- 

letely clear as to their clinical benefit and limitations outside of 

he research laboratory. BMP delivery has provided an effective 

roduct in some indications and patient groups. Other bioactive 
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olecules have also shown potential to generate bone but are not 

linically available and this topic is reviewed in detail elsewhere 

26–28] . 

MSC, originally conceived as an off the shelf non-immunogenic 

ource of new mesenchymal tissue, has perhaps created more 

uestions than answers, as it is becoming clear that MSC role in 

one formation is far from fully clear [29] . 

We find ourselves today at a hiatus. Recombinant BMP products 

re not cheap and therefore cannot be used extensively given lim- 

ted hospital operating budgets. At times their benefit is not clear 

ut, possibly a factor in them not bring reimbursed in some re- 

ions since their commercial launch two decades ago. More im- 

ortantly, the use of BMP cannot be ubiquitous given that they 

re contraindicated in patients with a cancer history, thoracic spine 

urgery, or in growing pediatric patients, which account for many 

econstructive cases. There is a growth in studies looking at tech- 

ologies to improve efficacy and hence reduce the dose, cost and 

isk of exogenous bioactive protein delivery, and ultimately this 

ay overcome some limitations of this approach., e.g. [30–34] . 

Despite clinical grade MSC being available in many major hos- 

itals, there is no clear indication for the technology in muscu- 

oskeletal regeneration. Current research orientation on better un- 

erstanding osteoimmunology seeks to try to bridge gaps in our 

nowledge and hence the ability to manipulate skeletal regenera- 

ion [35] . While a fairly recent term, ‘osteoimmunology’ has been 

tudied for some time by dental researchers wishing to better un- 

erstand periodontal bone loss that can occur near to sites of gin- 

ival infection and inflammation [36] . 

The term ‘bone defect’ is used loosely by researchers. Bone has 

n incredible ability to regenerate and repairs itself without scar- 

ing in ideal circumstances. While empty critical sized defects are 

he staple preclinical negative control in the literature, it is clin- 

cally of little meaning. In environments with access to modern 

ospital treatments, patients are not left with untreated bone de- 

ects. Often any one of autografts, allografts, or any of the essen- 

ially similar bone graft substitutes will adequately support healing 

n most small defects. This review is focused on massive segmen- 

al bone defects caused by the loss an entire bone segment that 

annot reliably be healed by allografts or substitutes, or for which 

reparing an autograft usually requires harvesting a large, vascu- 

arized bone flap. 

As well as reviewing major areas of advancement and activity, 

t is valuable to consider whether the extent of the need for im- 

roved segmental skeletal regeneration can support further tech- 

ological breakthroughs. The numbers of people injured through 

rmed conflict, to the extent it is controllable or even measurable, 

s allegedly reducing or relatively stable [ 37 , 38 ]. The general trend

s for a reduction in motor vehicle accidents, certainly as a re- 

ult of public policy enforced by law and various innovations such 

s seat belts, airbags, advanced safety systems and in Europe as 

f 2022 initiation of speed limiters. However, medium- and low- 

ncome countries still have a huge mortality from motor vehicle 

ccidents which is the 7th most prevalent cause of disability ad- 

usted life years for all ages globally and the leading cause for pop- 

lation aged 10–24 and 24–49 and the cost in trauma that includes 

one defects is significant compared with GDP. Looking ahead then 

e posit that cancer patients in the first world- a growing popu- 

ation in whom bone metastasis is relatively common- are likely 

o experience longer post treatment life expectancy thanks to suc- 

esses in the ‘War on Cancer’ as we approach the half century an- 

iversary of the National Cancer Act [39] . What were intended as 

hort-term end of life reconstructions are becoming less and less 

dequate solutions for these patients. Rebuilding cancer survivors 

as sadly been less of a national priority for many countries than 

he War itself, something that needs to change rapidly if we are to 

e able to serve this growing need. 
39 
.2. Bone vasculature: Effects of its loss 

One of the main issues surrounding the use of a vascularised 

one graft is the morbidity associated with its harvest. Attempts 

t substitution aim to replace a blood supply and cortical (possi- 

ly also cancellous) bone. Appendicular bones generally consist of 

ortical bone tubes surrounding variable quantities of cancellous 

one and marrow. Cortical bone is structurally the most important 

s it transmits the most load and represents about 80% of the bone 

ass. However, it is not a simple impervious layer surrounding the 

nderlying cancellous bone and other structures. Up to 30% of its 

ortical bone volume is occupied by vascular channels [40] . In gen- 

ral, vascular channels are supplied by separate systems: nutrient 

rteries, periosteal, and epiphyseal vessels. Cortical bone vascular- 

zation is precisely organized and consists of Haversian canals con- 

aining blood vessels and nerve fibers, surrounded by osteons and 

nterconnected by Volkmann’s canals perpendicular to their axes. 

n addition to this network, a recently discovered system of blood 

upply in cortical bone has emerged as being the major effector 

f blood circulation: transcortical capillaries (arterioles or venules) 

ccount for over 80% of arterial and 59% of venous blood flow. They 

re a direct connection between the marrow, endosteal and pe- 

iosteal circulation [41] . In cancellous bone, an extensive mesh of 

essels and vascular sinuses surrounds the central artery and vein 

42] aiding bone marrow metabolism as it generates white and red 

lood cells, that migrate from the bone marrow and reach the sys- 

emic circulation. In this network, different types of vessels and 

heir corresponding endothelial cells subtypes have been identified 

43] and the complex arrangement of cells around those different 

essels has been described [ 44 , 45 ]. The topic of skeletal vascular-

zation is intensely studied in the fields of bone development and 

ascular calcification where the concept of the bone-vascular axis 

s under a process of intense discovery [46] the reader is directed 

o recent reviews of bone vascularization for more detail [47–52] . 

Different cells and tissues have specific physiological oxygen re- 

uirements and are reliant on a sufficient blood flow to maintain 

heir viability and function. If the blood flow is sufficiently re- 

uced or interrupted, tissues ultimately die as they exceed their is- 

hemic limit. This is why vascularized grafts have been used, since 

one viability can be maintained throughout transplantation and 

ngraftment. Oxygen can be a major limiting factor of tissue sur- 

ival during ischemia as it is essential for oxidative phosphoryla- 

ion. It is not uncommon to find clinical situations in which oxy- 

en concentrations fail to meet metabolic requirements or even 

re low enough to cause mild ischemia (e.g. microvascular defi- 

iency due to diabetes can impair healing). Loss of blood supply to 

 bone is either acute or chronic and both inform us about require- 

ents for healing and maintenance of bone. Acute loss of blood 

upply most often occurs due to injury, typically after a fracture. 

 well-orchestrated healing that is very successful in small defects 

ccurs through inflammation and other steps. This process will cre- 

te mineralized tissue that then remodels to form bone [ 53 , 54 ].

owever, some fractures heal slowly or not at all resulting in a de- 

ayed union or nonunion. This particularly happens in high energy 

njuries or large defects. Non-unions occur when the bone lacks 

dequate stability, blood flow, or both. They also are more likely if 

he fracture results from a high-energy injury because severe in- 

uries often impair blood supply to the broken bone due to greater 

tripping of vascular elements from the bone. 

Chronic loss of blood supply can take place over months and 

ay result from genetic, pathological or pharmacological endothe- 

ial abnormalities and can cause avascular necrosis (AVN). AVN is 

efined as cellular death of bone components due to interruption 

f the blood supply. Sequalae include bone structure collapse, pain, 

oss of joint function, and long-term joint damage. AVN is most 

ommonly encountered in the hip, femoral and humeral heads as 
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ell as the femoral condyles, but small bones can also be affected 

55–58] . It is noteworthy that loss of blood does not result in in-

tant loss of functionality but that this takes time, maybe as long 

s years and is dependent on the severity of ischemia and the heal- 

ng response. 

The effect of ischemia during bone transplant surgeries have 

een studied and it has been shown that an ischemic time of > 5 h

or total joint transplant in dogs resulted in more complications 

nd flap loss that increased as the ischemic time increased [59] . 

ice studies of an ischemic period followed by reperfusion, have 

hown that 6 h of ischemia resulted in more than a third of empty

acunae and partially necrotic bone marrow [60] . This correlates 

ith a study by Yuan et al . where in a photo-thrombosis induced 

VN model they found that osteocyte death starts within 3 h of 

schemia [61] . Conditions and type of bone element affect survival. 

resh bone marrow has been shown to remain fully viable as a 

ell suspension for up to 2 days at 4 °C, and hematopoietic stem 

nd progenitor cells survive circulation arrest and may reconstitute 

ematopoiesis after 12 h of ischemia [62] . Bone marrow mesenchy- 

al stem cells have been shown to survive more than 24 h without 

educed or total absence of oxygen or glucose [63–65] . Compari- 

on with other organs shows the liver can only withstand less than 

5 min of warm ischemia without drastically affecting tissue sur- 

ival [66] , and after 60 min kidneys transplant function is altered 

67] . Skeletal bones receive only 7% of the total blood content and 

% of the blood flow rate despite having a much larger volume and 

eight than other organs [68] . 

When bone is damaged or necrosis occurs due to a trauma or 

 disease, the first step of healing consists mainly of dead tissue 

esorption before reconstruction/remodeling becomes the domi- 

ant process. Vascularization plays an important role because it 

ill deliver immune cells to the dead bone to resorb it, but will 

lso nourish the cells and allow repopulation. However, avascular 

ecrotic bone has been shown in some cases to present no spe- 

ific evidence of inflammation [69] . Core decompression treatment 

or early femoral head AVN is thought to allow the invasion of 

lood vessels and the subsequent removal and remodeling of the 

ead tissues [ 70 , 71 ]. Similarly, apposition of a vascularized bone 

raft onto non-viable bone has been shown to allow remodeling 

nd revascularization of the dead bone in a non-union [72] . In all, 

he life span of bony elements before, during, and after surgical 

reatment are not clearly defined. Approaches in surgery and re- 

earch have been devised to repair or recreate bone and its vas- 

ularization. We review the current different clinical and experi- 

ental techniques used, the interplay between new bone forma- 

ion and the vascularization and their relative successes in achiev- 

ng their goal. 

. Current surgical strategies for improved segmental bone 

efect regeneration 

Current popular approaches to the clinical reconstruction of 

arge bone defects center around four techniques: i) Bone grafting, 

i) distraction osteogenesis, iii) the Masquelet (induced membrane) 

echnique and iv) the use of arteriovenous loop and vascular bun- 

les. They involve the use of different surgical techniques to repair 

one or induce its regeneration [73–75] . 

.1. Bone grafting 

Avascular autologous bone grafts are generally harvested from 

he iliac crest or metaphyseal bone [76] (as morsels, granules, 

trips, etc.) and directly transferred to the repair site. Living bone 

ransplants (vascularized autograft) were initially performed as 

edicle grafts [77] , resulting from the development of vascular 

nastomosis in the 1960s, and nowadays the most common sites 
40 
or free flap transplant involve resection of either the patient’s 

bula (including the peroneal or anterior tibia vessels) or iliac crest 

including the deep circumflex iliac artery) which are reshaped, 

ransplanted to the defect site and the arterial and venous vessels 

icrosugically anastomosed [ 78 , 79 ]. In the period between the de- 

elopment of vascularized bone pedicles, (vascularized bone that is 

oved without being disconnected from its blood supply) and free 

aps, (vascularized bone that is detached from the host vasculature 

nd then reconnected at location distant to the bone harvest site), 

here was an period of discovery on how bone heals, the role of 

arious elements such as osteocytes, marrow and periosteum [15] , 

nd how allografts and synthetic substitutes could be improved. 

An important question to consider is, given that any bone tissue 

ased graft will ultimately remodel, what is the benefit of repair- 

ng segmental bone defects with vascularised bone compared with 

vascular bone? Within the same defect size range, the process of 

ealing is different between these two types of graft. Firstly, one 

ust recall that the fate of cells in avascular grafts is limited. Os- 

eocytes and osteogenic cells within transplanted avascular cancel- 

ous chips mostly die, except those near the surface and close to 

n adjacent blood supply [15,80] . Avascular grafts remodel through 

he removal of dead bone by new cell invasion (mostly from the 

nds abutting viable bone) but vascular grafts resorb initially more 

omogeneously as a result of pre-existing viable cells and the vas- 

ular network. Vascularized autografts undergo 50% less resorp- 

ion than avascular bone grafts and result in double the amount 

f bone formation [81] . Despite practical advantage in use of al- 

ograft (ease, no donor site morbidity, and larger volume of sup- 

ly) this deficiency of avascular bone grafts for segmental bone de- 

ects is not yet resolved. Recently a fairly low tech but seemingly 

ffective technique was reported by Gupta et al. [82] . By filling 

he intramedullary canal of avascular allograft with PMMA cement, 

arly allograft resorption and hence loss of mechanical strength 

as averted [ 82 , 83 ]. It is notable that physical compartmentaliza- 

ion of the healing volume using one of the oldest and biologically 

nert biomaterials is an effective technique and allows manipula- 

ion of healing by physically controlling routes of graft-host inter- 

ction. 

Vascular grafts have a higher bone turnover [ 81 , 84 ], and so

ave a resultant lower compressive strength than avascular graft 

ver the first 4 weeks after surgery, but this then increases signif- 

cantly. Late bone torsion strength has also been shown to be su- 

erior for vascularized grafts when compared to avascular grafts; 

or example even when using ribs to replace tibial defects [ 85 , 86 ].

his has been reviewed previously [85] and the main points are 

ummarized in ( Fig. 2 ) [87] . The lack of initial load bearing ca-

acity has led to the development of a vascular fibular graft re- 

nforced within a metal cage for multi-vertebral body defect [88] . 

his construct creates biomechanical stability in the first weeks af- 

er surgery until the graft regained its mechanical strength allow- 

ng extensive load bearing skeletal replacement, Fig. 3 . The pros 

nd cons of vacularised bone grafts have been recently thoroughly 

eviewed [89] . 

Avascular bone grafts are relatively effective for some bone 

econstructions (e.g.: scaphoid non-union treatment [90] , small 

andibular segments [91] ) and for segmental defect repairs up to 

–9 cm [ 76 , 90–94 ] with acceptable success rates (80% or more). 

owever success drastically drops ( < 50%) for massive segmental 

efects > 6–9 cm [76] . These graft repairs are prone to infections 

r nonunions. 

A higher union rate for the reconstruction of large segmen- 

al defects ( > 6–9 cm) is obtained by autogenous vascularized 

one free flaps [ 92 , 95 ]. Improvements of vascularized over non- 

ascularized autografts include higher union rate, improved bone 

raft survival, improved mechanical strength to failure [ 84 , 96 ], and 

ower infection rates [ 76 , 84 , 90 , 96–98 ]. This may be in part due to



B. Dalisson, B. Charbonnier, A. Aoude et al. Acta Biomaterialia 136 (2021) 37–55 

Fig. 2. (A) Graphical representation of the changes in bone graft strength over time. Phase I – Revascularization; Phase II – bone replacement; Phase III – bone consolidation; 

Phase IV – Hypertrophy. (B) Graph exhibiting relative c = strength of vascularized and non vascularized bone grafts compared with normal bone in rat. (C) Graph comparing 

strength of dogs’ fibulae used as either vascularized bone grafts (group 1) or non-vascularized bone grafts (group 2) to replace a 4 cm defect in the tibia, the transfered 

vascularised fibula was stronger than normal tibia at 16 weeks. Re -drawn from [87] . 

Fig. 3. Post operative CT scan of Synmesh cage and vascular fibula construct placed in the lumbar spine after enbloc resection. Left Coronal CT scan Cut and Right Sagital CT 

scan cut. Reproduced with permission from Hatchell et al. [88] . 
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 result of a direct vascular supply of leukocytes. Hemotherapy, 

hile an old technique, has successfully used white blood cell frac- 

ions to treat a variety of ischemic infections. Treating chronic skin 

ounds with total blood has been shown to re-establish healing 

 99 , 100 ] and treatment with peripheral blood mononuclear cells 

irectly isolated from blood has been shown to improve diabetic 

angrene [101] . Peripheral blood mononuclear cells have been 

hown to be effective in fracture healing [102] and cartilage repair 

103] . However, there is no direct evidence to support this the idea 

hat blood’s main function is to supply haemoatopoetic cells and it 
41 
s possible that neutrophils and monocytes migrate through tissue 

xtravascularly in the absence of a direct blood vessel route. How- 

ver, adequate vascularization of the graft host bed is often suffi- 

ient to reduce infection. If the host bed is not well vascularized, 

mplantation of vascularized tissue, (e.g.: myocutaneous flaps) can 

e used to support the graft and may prevent infections [ 104 , 105 ].

hile vascularized grafts present advantages for large reconstruc- 

ions when compared to non-vascular grafts, they require mi- 

rosurgical anastomosis, a specialized and demanding technique 

ot always available. In addition, patients undergoing vascularized 
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one graft harvest as part of reconstruction are hospitalized for a 

ean of 14.3 days longer (range, 8 to 36 days) than patients un- 

ergoing equivalent procedures with non-vascularized bone grafts, 

t lease in cases of mandibular reconstruction [76] . Nonetheless, 

irtual surgical planning using tools such as computer-aided de- 

ign/manufacturing combined with additive manufacturing tech- 

ologies may improve significantly the operative efficacy and care 

e.g.: minimally invasive approach, shape and positioning of the 

ransplant, decrease of surgery time, better accuracy and consis- 

ency) [106–111] . 

Bone allograft without vascularization can be used fresh, frozen, 

reeze-dried or demineralized formats [77] . Allografts do not par- 

icipate in osteogenesis, but when inserted adjacent to viable 

one, allografts are repopulated to form a new bone. Large defects 

ave been repaired with allografts [112–114] without any special 

echnique for vascularizing the graft, and failure resulted mainly 

rom infections (12%), fracture (16%) and non-union (17%). Failure 

as most prevalent in patients that had undergone chemotherapy 

112–114] . Furthermore, these complications have been shown to 

e reduced when the allografts were covered with vascularized 

issue flaps [ 115 , 116 ]. Unfortunately, the processes of freezing, im- 

acting and rinsing, irradiating, freeze-drying, demineralizing, and 

eproteinizing allograft aim to reduce its immunogenic potential 

ut may also decrease graft mechanical properties and repopula- 

ion potential [117–123] . 

Bone marrow is seen as a ready supply of viable bone elements. 

he osteogenic potential of bone marrow appears to have first been 

eported in experiments in rabbits more than 150 years ago [124] . 

owever, autologous marrow grafts alone do not always form 

one, yet in combination with different kind of scaffolding materi- 

ls (such as cancellous bone allograft or porous bone substitute) 

ctopic bone formation was observed consistently [ 15 , 125–127 ]. 

urwell put forth the view that necrosis of marrow was a requisite 

or bone formation since when marrow alone was implanted into 

oft tissue it became flattened and so diffusional limitations were 

inimized [ 128 , 129 ]. Bone marrow is formed of various cell types

mongst which some are osteogenic under the right conditions. 

one marrow mesenchymal stem cells (BMSC) became identified 

s a stromal subpopulation of marrow that could form mineral- 

zed nodules in vitro and could be differentiated into adipocytes 

nd cartilage. Scaffold supported BMSC regenerative strategies have 

ominated the literature for the past 20–30 years. Clear success in 

epairing segmental defects that would avoid the need for harvest- 

ng bone flaps has been elusive. It was recently identified that mar- 

ow osteogenic potential was also dependent on immune cells in- 

ide the marrow [130] . This work indicated that monocyte derived 

ells and not MSCs form bone upon transplantation. This finding is 

ikely to herald progress in our ability to manipulate skeletal tissue 

herapeutically. It is well known since Burwell [131] that the use of 

otal bone marrow with fresh allograft has a similar osteogenic po- 

ential to fresh marrow-containing autograft. In other words, mar- 

ow, a tissue that can be harvested in ample volumes under local 

nesthesia and that is one of only a few human tissues that has 

he capacity to self-regenerate can impart the same ‘gold standard’ 

one defect healing as autrograft to acellular and non-viable bone 

rafts. It also indicates that cells found in the mineralized matrix 

f bone, (periosteum, endosteum, osteoblasts and osteoclasts, and 

steocytes) may not be required to induce bone formation. While 

his work predates the identification of the MSC and BMP it is im- 

ortant to consider because the mechanism by which it works, and 

he role of necrosis remains undiscovered. There has been a recent 

enaissance of this work and clinically it was very recently con- 

rmed that there were no significant differences in treatment suc- 

ess rate between autograft and marrow loaded allograft [132] . It 

as been found to result in successful bone repair in diaphyseal 

ritical sized defects in humans [133] . Similarly, addition of bone 
42 
arrow to xenografts have been shown to significantly enhance 

one formation when compare to empty xenograft [ 134 , 135 ], re- 

ulting in healing not significantly different from autograft in rab- 

it models [136] . While somewhat less studied due to concerns 

ver prion diseases there are approximately one sheep, pig or cow 

or every two humans [137] . They may represent a plentiful sup- 

ly of high strength acellular bone matrix given their lifespan is 

ypically 12 months. 

Replicating the outcome of bone autograft without harvesting 

one from a living patient is then possible. Recently there has been 

 case report of successful repair of a large (hemi-mandibular) de- 

ect utilizing marrow, allograft, and BMP [138] . Another case re- 

ort details a near hemi mandibular defect repaired with a frozen 

umeral allograft consisting of a bone diaphysis cut longitudinally 

nd perforated. A vascular free flap was placed inside what was 

ormerly the medullary cavity that was also marrow loaded. In the 

ords of the authors, the technique ‘can be considered as a real 

one tissue engineering demonstrating the possibility to rebuild 

arge bony defects without vascularized bone’ [139] . However they 

id use a vascular free flap as part of the construct. 

.2. Distraction osteogenesis bone transport 

This well-established technique is widely reviewed elsewhere 

140] and is included briefly here because it perhaps the most 

revalent route to repairing massive segmental bone defects with- 

ut large autograft harvest. In addition, we consider studies con- 

rming a role of angiogenesis in successful distraction osteogene- 

is. 

The bone transport strategy, pioneered by Ilizarov (lengthen- 

ng distraction osteotomy) and later refined by Cattaneo, is based 

n the principles of osteogenesis by distraction of an incompletely 

ineralized, evolving, and therefore extendable callus ( Fig. 4 ) 

140–144] . A low energy osteotomy of the cortex performed prox- 

mal to a defect site and maintaining the peripheral and central 

lood supply of the periosteum and medullary canal respectively 

s first performed followed by fixation [ 142 , 145 , 146 ]. Then follows

 latency period during which a callus is formed between the bone 

nds. After new bone has formed in the gap, the bone segment is 

radually distracted by approximately one millimeter per day un- 

il the desired bone length is reached [ 74 , 147-150 ]. A too low or

oo high elongation rate leads to a premature consolidation of the 

allus or slowed osteogenesis, respectively [151] . When the newly 

ormed bone reaches the required length, a period of immobiliza- 

ion is necessary for its consolidation [152] . 

It is a technique that is often used in limb reconstruction 

urgery [ 145 , 146 , 153 , 154 ] and in the craniofacial region [155–

59] for its ability to manage complex deformities and defects by 

imultaneously treating the bone defect and soft tissue loss. Its 

uccess has been attributed to the “tension-stress” effect, a phe- 

omenon where tissues that are subjected to gradual, consistent 

raction forces become metabolically activated, leading to signifi- 

ant tissue regeneration [ 145 , 146 ]. 

Adequate blood supply is essential for this technique. It has 

een shown that angiogenesis is required for successful bone in- 

uction during distraction osteogenesis [161–164] . Blocking angio- 

enesis in a rat mandibular defect model resulted in no histologic 

r radiographic evidence of bone formation between the two os- 

eotomy fronts [162] . Given its ability to mobilize the patient im- 

ediately following the initial osteotomy, bone transport has cer- 

ain advantages. However, it is technically difficult with potential 

or complications relating to the quality of regenerate, axial de- 

iations, infection [165] (5 to 30% [166] ), and nerve overstretch- 

ng (peripheral nerve complications between 2 and 15% [167] . As 

he process extends over a period of time during which the bones 

nd surrounding tissues are being manipulated also leads to spe- 
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Fig. 4. Description of bone transport technique. (A) Showing the segmental bone defect. (B) Application of the external fixator and performing a proximal tibial osteotomy. 

(C) Start of distraction and transport of the healthy segment to close the bone defect distally. (D) End of distraction and completion of bone transport. Reproduced and 

modified with permission from Makhdom et al. [160] . 
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ific complications during the surgery, the distraction, and post- 

istraction [165] Adjuvant bone grafting is frequently needed to 

btain complete consolidation and prevent repeat fractures and 

on-union [168–170] . The success of the procedure is contingent 

n adequate soft tissue coverage over the defect, which on occa- 

ion requires a free tissue flap transfer [171] , compounding the risk 

f significant donor site morbidity [75] . Finally the discomfort to 

he patient is considerable with use of the distraction device for 

onths. A number of recent reviews summarize historical and new 

evelopments in this field in relation to segmental bone defect re- 

air [172–176] . 

.3. Masquelet technique 

More recently the Masquelet technique also known the induced 

embrane technique was initially described by Klaue et al . (1995) 

177] It is a two-stage technique for the repair of large (up to 

5 cm) and contaminated segmental bones defects [150] (Figure). 

he first step consists of a debridement of the damaged tissues, 

he insertion of a polymethyl methacrylate (PMMA) spacer in the 

one defect (often loaded with antibiotics to control open wound 

ontamination), and stabilization with fixators. This spacer (i) pre- 

ents the invasion of the defect by a fibrous tissue that would 

inder bone regeneration, (ii) induces a foreign body reaction and 

ii) induces the formation of a vascularized membrane around the 

pacer. The spacer is removed (with minimal disruption of the 

embrane) after 4 to 8 weeks and the membranous capsule is 

acked with a morselized cancellous allograft, and then closed be- 

ore definitive fixation. 

The spacer features (e.g., composition, size, porosity, rough- 

ess, active substances) appear to have a significant influence 

n the membrane formation and final outcome. For example, 

MMA induced membranes provide an environment more con- 

ucive to bone regeneration than titanium induced membranes, 

nd polyvinyl alcohol spacers do not result in membrane forma- 

ion [ 179 , 180 ], which makes the assumption that PMMA is totally 

nert as noted in section 2.1 seem improbable. 

Despite a rate of bone union reaching up to 87%, this tech- 

ique has been associated with a high risk of complications (54% 

eported in children [181] ) when compared with donor site com- 

lications for vascularized allografts (6 to 19% [182] ). The need for 

dditional surgery, failure of one or both the surgical steps, with 
43 
ractures of the graft site, joint stiffness and deformity are all ob- 

erved drawbacks [ 181 , 182 ]. 

Many studies have been conducted to characterize and deter- 

ine the benefits of this induced membrane [ 150 , 183–188 ]. The 

embrane organization act as a synovial like epithelium on the 

nside, and the outer part is constituted of fibroblasts, myofibrob- 

asts, and collagen [189] also including inflammatory cells and os- 

eoprogenitor cells [ 190 , 191 ]. Although the cell types and cytokines 

resent in this highly vascularized tissue changes throughout its 

aturation [ 188 , 192 ], the re-vascularization and regeneration of 

he defect once the bone graft is placed are promoted through the 

eneration of angiogenic and osteogenic factors [ 186 , 188 , 192 ]. 

A recent study by Durand et al. [193] highlights that induced 

embrane failure is independent of the type of bone or fixation, 

M maturation time, or other patient characteristics. Failure was 

ssociated with defective membrane properties which included 

ecreased cellularity, decreased osteoprogenitor content, and im- 

aired ECM remodeling thus pointing to the importance of the in- 

uced membrane. In addition, another pilot study by Tarchala et al . 

dvanced the concept that the primary source of osteogenic factors 

or bone regeneration was the native bone ends and not, as often 

elieved, the induced membrane [194] . To date the mechanism by 

hich the technique is active is not fully understood but certainly 

he inflammatory responses would be different in the healing zone 

n the first and second surgeries. To our knowledge the role of the 

mmune response in the Masquelet technique’s action has not been 

ystematically studied. The Masquelet technique originated from 

 serendipitous discovery following interpretation of unexpectedly 

ood healing following staged surgeries to manage soft tissue in- 

ection prior to addressing skeletal repair. While different methods 

ave been developed in order to improve the technique, they are 

argely incremental and until it is understood how a ‘bioinert’ ma- 

erial like PMMA can result in massive segmental bone regenera- 

ion it seems unlikely that we can fully harness the regenerative 

apacity of the adult skeleton. This technique is in continuous de- 

elopment and evaluation and the reader is directed to recent re- 

iews focusing solely on this topic [195–203] . 

.4. Arteriovenous loop and vascular bundles 

In the late 1950s, development of microsurgical anastomosis of 

mall blood vessels (1 mm ≤) allowed transplantation of various 
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Fig. 5. The Masquelet technique. Images on the left and right depict step-by-step 

of the two-staged Masquelet technique. On the left from top to bottom A) First 

Surgery, Critical-sized bone defect irrigated and debrided at both bone ends. B) 

PMMA cement fills the defect, surrounding both proximal and distal bone ends. 

This step can involve further fixation with an external fixator, a locking plate, or 

intramedullary nail (patient/surgeon dependent). C) Surrounding soft tissue healing 

with PMMA in place. D) A membrane forms around the PMMA. E) Second Surgery: 

Induced membrane exposed, cut open, and PMMA removed. F) Defect site filled 

with bone graft (various combinations of auto/allograft used), and membrane su- 

tured closed. Adapted with permission from Tarchala et al . [178] . 
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issue flaps and replantation of digits as reviewed by Fang et al. 

2014) [77] . The first free vascularized bone flap was reported in 

975 [23] and this led to several variants and anatomical spe- 

ific flaps. This technique also led to attempts to salvage ischemic 

imbs by reconstructing the arterial and venous vascular system 

 204 , 205 ]. Hori et al . were one of the first to compare regenera-

ion of non-vital and necrotic bones by promoting revasculariza- 

ion with a diverted flow-through arteriovenous bundle (AVB), an 
44 
rtery and an arteriovenous loop (AVL i.e. an anastomosis between 

n artery and a vein effected with a vein graft) [206] . The AVB,

nd to a lesser extent the AVL (since the vein lost patency ∼70% 

ases,), induced the proliferation of capillaries around the necrotic 

rea. This promoted the concomitant resorption of the non-vital 

one and formation of new bone tissue. This discovery was ap- 

lied to the clinical treatment of sclerotic and necrotic bones in 

he hand (Kienboeck’s disease) and also partial bone unions after 3 

o 6 months. Tanaka et al . investigated the underlying mechanisms 

eading to the formation of a new vascular network from AVL and 

oth flow and non-flow AVB [207] . They reported that: (i) AVL had 

 stronger revascularization potential than AVB, (ii) neovasculariza- 

ion arose directly from the arterialized vein from which vascular 

prouts directly arborized, (iii) endothelial sprouting of the artery 

as not observed. They proposed that endothelial sprouting was 

nduced by the inflammation, hemorrhage and coagulation due to 

he surgical act itself and the modulation of the physiological flow 

ithin the vein walls (AVL and non-flow AVB) [207] . 

Although this strategy is already used for salvaging ischemic 

oft tissues [208–211] direct clinical applications of AVL and AVB 

or the regeneration of large bone defects is to date limited. Sev- 

ral reasons may explain this, such as (i) the complexity of the 

one environment and the very slow healing process compared to 

ther tissues, (ii) the lack of adapted biomaterials to host this in- 

rinsic vascularization and to promote vascular and bone forma- 

ion, (iii) the complexity of the surgical procedure that relies on 

icrosurgery, which may not be a common skill in the orthope- 

ic field. A few clinical cases have been reported mostly in Ger- 

any [ 127 , 206 , 212–217 ], to treat osteomyelitis, local osteosclero- 

is or necrotic bone without any bone harvesting. However, re- 

ently Horch et al . [212] combined an AVL and a bone filler (au- 

ograft or biphasic calcium phosphate granules loaded with autol- 

gous bone marrow) to treat large (8 cm tibia and 4 cm distal 

adius) bone defects generated after debridement of osteomyeli- 

is. After the final follow-ups (2 and 3 years, respectively), the 

atients were healed with no residual osteomyelitis and resumed 

ormal function. Currently a clinical trial is underway to use syn- 

hetic biomaterials and AVL to treat mandibular defects [218] (Esti- 

ated Primary Completion Date June 30th 2029 - ClinicalTrials.gov 

dentifier: NCT04001842). This could initiate a positive dynamic 

or the transfer of the extensive in vivo research performed on 

mall and large animal models which have already shown exciting 

rospects: e.g., vascularized bone tissue engineered constructs, ec- 

opically prefabricated transplantable synthetic vascularized bone. 

The main advantages and disadvantages of reconstructive tech- 

iques for SBD are summarised in Table 1 . Clearly the reasons for 

one loss affect outcomes. Recently outcomes for segmental bone 

efect repair have been compared in a high quality study compar- 

ng reports only for fracture related infections with a mean bone 

efect of 6.6 cm (range 1.0–26.0), of which 82% were localized at 

he tibia [229] . Some of the key findings are reproduced in Fig. 6 .

he overall efficacy of VBG is evident as fastest time to union and 

owest complication and revision rate. 

. Experimental and preclinical techniques 

Having considered the state of the art and the most promising 

pproaches in development we look ahead to concepts that are at 

he preclinical stage that also offer the potential to regenerate the 

egmental defects of the skeleton. 

.1. In vivo pre-vascularization strategies 

The concept of an in vivo bioreactor reported in 20 0 0 by Tanaka 

t al. [ 207 , 230 , 231 ], Stevens et al. [232] and Holt et al. [233] rep-

esents an interesting approach. It has been described as “taking 
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Table 1 

Summary of the main pros and cons of each SBD reconstructive technique. 

Technique Union Rate 

Compatible with tumor 

resection Advantages Disadvantages 

VBG 95% Mean length 9.1 cm 

(4.5–16 cm) [ 76 , 90-94 ] 

Yes [6] High success rate esp. 

longer defects 

Morbidity of harvest, (11% of complications) 

[89] poor anatomical fit 

Allograft bone 76% Mean 8.3 cm, (3 to 

14 cm) [52] 

Yes [219] No Harvest Readily 

available No 

microsurgery Long 

history of use 

Lower union at lengths > 6 cm Prone to 

resorption 

Masquelet 82% Mean 5.9 cm (0.5 to 

26) [220] 

Yes [221] Allows infection 

control and coverage 

No microsurgery 

Shorter history of use 

Slow 2 stage procedure. Union 6 months (1.4 

to 58.7) after first surgery. Potentially lower 

success in pediatric patients [222] Mechanism 

not fully understood 

Bone Transport 59% Mean 5 cm, (range, 

1.5–14.5) without use of 

supplementary graft at 

docking site [223] 

Yes [224] No limit to length Can 

correct deformity 

Pain Increased infection risk Slow, e.g. 6.8 cm 

defects required 17.21 months (range, 11–24) 

fixation compared with 10.15 months (range, 

8–14) for Masquelet More fair/poor functional 

outcome 52.65 vs 15% for Masquelet [225] 

Arteriovenous Loop/ 

Arteriovenous Bundle 

Insufficient population size 

Case reports and follow 

ups positive [ 214-217 , 226 ] 

AVL for reconstruction 

of soft tissues already 

in use [227] 

Creates tissue without 

harvest Closed 

technique 

Can require 2nd surgery, but in situ cases 

reported Requires microsurgery AVL can 

occlude, failure rate 4 and 24% for singe and 

two stage procedures and complication rates 

of 16% and 24% [228] 

Fig. 6. Time to union, length of hospital stay (LOHS) (expressed as months), complications and surgical revisions (expressed as average number per patient) for mainly 

tibial fracture infection related segmental bone defect repair, (AB-Antibiotic, number in X axis is number of studies pooled). (Reproduced from [229] H. Bezstarosti, W. J. 

Metsemakers, E. M. M. van Lieshout, L. W. Voskamp, K. Kortram, M. A. McNally, L. C. Marais & M. H. J. Verhofstad, Management of critical-sized bone defects in the treatment 

of fracture-related infection: a systematic review and pooled analysis Archives of Orthopaedic and Trauma Surgery volume 141, pages 1215–1230 (2021), reproduced under 

Creative Commons Attribution 4.0 International License, http://creativecommons.org/licenses/by/4.0/ ). 

45 

http://creativecommons.org/licenses/by/4.0/


B. Dalisson, B. Charbonnier, A. Aoude et al. Acta Biomaterialia 136 (2021) 37–55 

Fig. 7. Scheme showing the different in vivo pre-vascularization approaches in tissue engineering. (a) Physiological angiogenic ingrowth into a tissue graft. The lack of 

adequate and timely vascularization may lead to cell necrosis in the core of the graft. (b) Enhancement the naturally occurring angiogenic response within the target site by 

either loading the graft/scaffold with proangiogenic factors (left panel) or by genetic modification of the graft cells to induce enhanced secretion of angiogenic factors (right 

panel). (c) The flap technique consisting in preimplantation in muscle tissue to pre-vascularize the graft, followed by a transplantation to the target site. (d) Arteriovenous 

(AV) loop technique, similar to the flap techniqueconsisting in an encapsulated graft incorporating an AV loop to facilitate initial perfusion until further vascularization can 

be established. The vascularized graft then can be transplanted to the target site. Reproduced from open access article by Rademakers et al . [235] . 
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dvantage of the body’s intrinsic self-regenerative capability, the 

raditional triad elements or a combination thereof are cultivated 

sing the body as a bioreactor at the damage site or within ectopic 

ites capable of supporting neotissue formation” [234] . Different 

pproaches to in vivo pre-vascularization have been developed as 

ummarized in Fig. 7 and discussed fully in a recent comprehen- 

ive review [176] . Generally, the strategies are i) augmenting angio- 

enesis by capillary ingrowth either by loading the graft/scaffold 

ith proangiogenic factors or by genetic modification to induce en- 

anced secretion of angiogenic factors. Ectopic implantation prior 

o usage at the target site using either a flap technique involv- 

ng preimplantation usually in muscle tissue to pre-vascularize the 

raft [235] or an AVL technique, similar to the flap technique, but 

stablished at any location, and consisting of an encapsulated graft 

ncorporating an AVL that facilitates initial perfusion as further vas- 

ularization is established [235–237] . 

.1.1. Enhancement of angiogenesis 

Utilization of pro-angiogenic factor (e.g., VEGF, FGF) loaded 

caffolds for bone repair have shown contradictory results in vas- 

ularization - from no improvement [238] to an increased vascu- 

arization. [239–243] Similarly contradictory results were obtained 

or bone formation from no improvement [ 239 , 242 , 244 ] to in-

reased bone formation [ 238 , 241 ]. This may suggest that vascu- 

arization during bone healing may not be the major factor at 

lay when aiming to enhance bone healing. Furthermore, VEGF 

as been shown potential to promote osteoclast survival [245] and 

one resorption both in vitro and in vivo [246–248] . This may in 

urn impair bone formation [249] . 

.1.2. Pre-implantation and transplant 

The flap technique is comparable to the vascularized free flap 

echnique. This technique allowed clinical surgical bone recon- 

truction using bone mineral, bone carrier, β-TCP, or hydroxyap- 

tite that is pre-implanted in titanium cages. Stem cells (bone mar- 

ow or adipose derived) or bone morphogenic proteins are added 

o the cages. This technique has been successful however the num- 

er of studies is limited. Furthermore, the clinical nature of these 
46 
tudies limits the analysis that can be performed to appreciate the 

one quality/quantity and its vasculature. 

.1.3. AVL-AVB 

Spalthoff et al. demonstrated in a large animal model (sheep) 

hat formation of clinically relevant volumes of bone could be ec- 

opically generated using β-TCP scaffold seeded with autologous 

one marrow and perfused by an AVL [250] . Tatara et al. [251] suc-

eeded in the reconstruction of a large mandibular defect (sheep) 

y pre-implanting BCP granules in a chamber in contact with the 

nimal rib, followed by transplantation of the intercostal pedicle 

nto the defect. Despite compelling results, the need to sacrifice 

 main artery to transplant the vascularized bone construct may 

e a practical limitation. A recent study by our group proposed 

n alternative to solve this issue using exclusively dispensable tis- 

ues. Vascularized and transplantable bone volumes were subcuta- 

eously generated using a microporous 3D-printed monetite scaf- 

olds, loaded with autologous bone marrow, and perfused by a sin- 

le vein (rat model) [ 126 , 252 ] ( Fig. 8 ). 

Generating personalized and transplantable large, vascularized 

one volumes without recourse to processed cells, bioactive sub- 

tances, sacrifice of healthy tissue or complex microsurgery tech- 

iques (e.g., AVL) would represent a significant progress in recon- 

tructive surgery. 

.2. In vitro pre-vascularization strategies 

Many approaches for engineering vascularized bone use the for- 

ation of organoids or a biomaterial scaffold seeded with different 

ypes of endothelial cells combined with cells intended to prolifer- 

te and repair the defect. Typically, the endothelial cell source may 

e endothelial progenitor cells (EPC) or human umbilical vein en- 

othelial cells (HUVEC)), osteoblasts or stem cells (mesenchymal 

erived from marrow, adipose tissue or other sources or induced 

luripotent stem cells. Human iPSC-derived iMSCs improve bone 

egeneration in mini-pigs [ 253 , 254 ]. 

Stem-like cells capable of differentiating into more than one 

esenchymal lineage have been identified in several readily ac- 
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Fig. 8. Comparison of vascular networks developed by extrinsic capillary invasion (left), a flow through vein (center) and a microsurgically created AVL, as shown by contrast 

agent perfusion and micro-CT (scale bar = 2 mm) Reproduced with permission from Charbonnier et al. [252] . 
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essible tissues such as peripheral blood and dental pulp. These 

evelopments are reviewed in detail elsewhere e.g. [255–257] . 

.2.1. Use of endothelial cells 

Techniques developed to create constructs resulting in the for- 

ation of microcapillary-like structures resembling bone tissues in 

itro are documented [ 258 , 259 ]. They aim to improve bone forma-

ion and integration in vivo by recreating or accelerating the for- 

ation of the bone vascular microenvironment [ 258 , 260 ]. It has 

een demonstrated in vitro that the combination of these differ- 

nt cells may have a synergistic effect resulting in 2D and 3D 

onstructs (organoids or scaffolds), and an augmented number of 

icrovessel-like structures, mineralized tissue, and/or proangio- 

enic (VEGF, TGF, PDGF, etc.) [ 258 , 261 , 262 ] and osteogenic factors

263] . Direct addition of those factors to cultures has also been 

lso been proven to increase both angiogenesis and osteogenesis 

264] . Whether ectopically or in orthotopic models (subcutaneous, 

alvarial and femur artificial defects), different cells type combi- 

ations have resulted in an increased osteogenesis and bone for- 

ation when compared to single cell-type experiments [265–272] . 

verall, the reported increases in bone resulting from these ex- 

eriments is about 1.2 to 3 times higher with EC at the end of 

he experiment (4 to 8 weeks) and the resulting bone formation is 

ound to be homogeneous in small defects [ 268 , 270 , 273 ] but more

oncentrated on the edges of larger defects [ 267 , 269 ]. However, 

hah et al. [274] and Koob et al. [275] demonstrated no improve- 

ent of osteogenesis with coculture when compared to monocul- 

ure after in vivo implantation, and hypothesized that this might 

e the result of absence of culture optimization. However, a meta- 

nalysis of pre-clinical in vivo studies of cell co-transplantation 

or vascularized craniofacial bone tissue engineering by Shanbhag 

t al. [276] concluded that co-transplantation had a statistically 

ignificant benefit when compared to monoculture in term of new 

one formation measured radiographically, but histomorphometry 

emained inconclusive. As is often the case with in vivo studies, ex- 

rapolating a statistical significance in preclinical studies to a clin- 

cal significance is challenging. 

.2.2. Pre-vascularisation 

Perhaps expectedly pre-vascularization results in higher num- 

er of microvascular structures was often reported in vivo (1.2 to 

0 times more) [ 258 , 277-287 ]. The resulting vessel length has been

hown to be influenced by both time of pre-vascularization and 

ime of implantation [ 278 , 281 ]. Researchers reported an anastomo- 

is of the construct with the host vasculature, sometimes exhibit- 

ng chimeric vessels in studies using cells from different species 
47 
han the host ( Fig. 9 ) [ 279 , 281 ]. Host vasculature invasion is lim-

ted to the outside of the implanted constructs. The earliest time 

or anastomosis found in literature was three days [282] for cell 

pheroids in an ectopic site. For larger scaffolds anastomosis ap- 

ear to occur at a later point and was limited to the edges of the

caffold. Efficiency of blood perfusion after anastomosis has been 

hown to be relatively low (30% of the entire scaffold at 2 weeks) 

281] . However the meta-analysis by Shanbhag et al. [276] con- 

luded that there was no statistically significant benefit of a cocul- 

ure versus monoculture in terms of new vessel formation when 

ooking at the broad range of the existing models that have been 

tudied, although this conclusion requires a cautious interpreta- 

ion due to the heterogeneity of studies, and their biological and 

ethodological factors. Interestingly, Zigdon-Giladi et al. [272] and 

eebach et al. [270] demonstrated an increase of the blood ves- 

el density for short timepoints and then a decrease of this den- 

ity when looking at longer timepoints. This would imply an in- 

tability of immature new vessels and it is known that early stage 

ngiogenesis of small vessels is often followed by a regression if 

he vessels are not functional [288] . It is worth noting that mar- 

ow aspirate, a commonly used clinical osteogenic cell source con- 

ains 20 vol% microvessels [289] , compared to 2% in cortical bone 

290] and it seems probable that the anastomosis of these capil- 

aries can occur following transplantation. Recent studies on other 

arrow subpopulations have been extremely illuminating. It was 

emonstrated that when CD14 + monocytes were removed from 

arrow, bone formation ability was lost [130] indicating no unique 

ole for MSC. 

.2.3. Recapitulating endochondral bone formation 

In embryonic development, the formation of bone occurs via 

wo main mechanisms i) intramembranous ossification giving rise 

o flat bones such as the cranium and the pelvis and ii) endochon- 

ral ossification, giving rise to long bones [77–79] . During endo- 

hondral ossification, the cartilage grows in length, with the di- 

ision of chondrocytes and the secretion of extracellular matrix, 

nd is accompanied by new chondroblasts that develop from the 

erichondrium. The perichondrium becomes the periosteum which 

ontains a layer of osteoprogenitor cells which later become os- 

eoblasts that secrete osteoid against the shaft of the cartilage that 

erves support for the new bone. Chondrocytes in the primary cen- 

er of ossification undergo hypertrophy and secrete alkaline phos- 

hatase leading to the calcification of the matrix used by the os- 

eoprogenitor as a scaffold to secrete osteoid and to forms trabec- 

lar bone. Osteoclasts then break down spongy bone to form the 

edulla. 
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Fig. 9. Demonstration of Host-graft vasculature anastomosis and functionality following implantation of fibrin gel implants containing GFP-expressing HUVEC and HNDF. (A) 

Representative intravital confocal images of host-graft vasculature, as viewed through the dorsal skinfold window on days 10 and 14 after implantation; grafts had been 

cultured in vitro for either 1 d (Upper) or 14 d (Lower) before implantation. implanted cells are shown in green, and host vessels are shown in blue, blood flow in red. The 

images clearly show the interconnection of host graft vasculature. (B) Graph exhibiting the percentage of perfused engineered vessels in the graft cultured for 1, 7, or 14 d 

in vitro prior to implantation. Scale bar in (i, iii, v, vii) 1 mm, (ii, iv, vi, viii) 100 μm. Reproduced from Ben-Shaul et al. [281] . 
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In the adult, fracture healing may occur via endochondral ossi- 

cation [291] which suggests a therapeutic role for cartilage tis- 

ue in bone regeneration strategies. It has been suggested that 

ell-based regeneration including endochondral ossification ap- 

roaches comprise four major components: stem cells, growth fac- 

ors/morphogens, scaffolds, and mechanical stimulation [ 291 , 292 ]. 

t has been shown in vitro that mineralization could be in- 

uced in chondrocytes [ 291 , 293-297 ] through the use of var- 

ous protocols aiming to optimize priming times, growth fac- 

ors and processing [ 298 , 299 ]. The lack of vascularization is a

ajor problem in tissue engineering. As such, inducing vascu- 

arization of these constructs through various means has been 

tudied [295] . Cell coculture has been shown to improve vascu- 

arization in vivo [300–302] . Several studies have succeeded to 

orm ossicles or bone in vivo [ 296 , 299 , 303 , 304 ], Bernhard and al

305] compared critical sized bone defect healing using hyper- 

rophic chondrocytes, osteoblasts and acellular scaffolds. They re- 

orted that hypertrophic chondrocyte grafts bridged 7/8 defects, 

s compared to only 1/8 for osteoblast grafts and 3/8 in acellular 

caffolds. 

Endochondral recapitulation has been used to repair large de- 

ects resulting in improved bone formation in cranial defects 

306] and in critical sized rat femoral defects [ 302 , 307 , 308 ] and

ven in a massive bone defect [309] , and by controlling TGF β , and

oading in chondral tissue scaffolds [310] , but reports on transfer to 

arger animal models are more scarce [299] . Very encouraging re- 

ults were obtained by Eamon et al. [311] for the formation of vas- 

ularized and mineralized engineered phalanx. Of the preclinical 

pproaches under investigation for segmental bone defect regener- 
p

48 
tion, endochondral approaches seem the most poised to make a 

arge impact clinically in the future. 

. Concluding remarks 

It is clear then that a variety of approaches are beginning to 

ield new reconstructive approaches. It is notable that many are 

urgically driven rather than scientifically driven. Often, possibly 

ue to the complexity of whole skeletal tissues scientists focus too 

arrowly on one or two cell types or interactions. However, espe- 

ially for large bone defects, the problem of regeneration often in- 

olves multiple tissue types and processes. Indeed, as described in 

ection 2.1 , revascularization of massive grafts seems to be driven 

y the vascularity of the surrounding soft tissue. Relatively little 

rogress has been made on accelerating or enhancing soft tissue 

ascularity, and it is generally assumed to be an anatomy and pa- 

ient specific fixed parameter, this may be a target for future ther- 

pies. 

Infection is a common concomitant issue associated with or- 

hopedic trauma. When self-setting inorganic cements were first 

ntroduced clinically, the vision was for a moldable material that 

ould be sculpted to match complex anatomy that would be re- 

orbed and replaced by host bone. Long term follow-up data in- 

icate that these materials are not fully remodeled and more im- 

ortantly have unacceptable rates of infection. If supply of blood 

orne phagocytes is initially insufficient, bacterial contaminant col- 

nization can take hold, not only preventing bone formation, but 

estroying overlying soft tissue and once the skin barrier is com- 

romised, failure is somewhat inevitable [ 312 , 313 ]. 



B. Dalisson, B. Charbonnier, A. Aoude et al. Acta Biomaterialia 136 (2021) 37–55 

m

a

o

o

t

b

o

S

i

n

p

c

p

s

d

g

u

u

v

a

i

a

a

t

q

b  

u

h

s

i

c

b

c

b

n

l

t

a

d

e

o

r

o

t

b

s

p

t

h

q

d

h

a

i

b

a

t

s

a

s

n

i

D

c

i

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is noteworthy that one of the most recent developments in 

assive allograft reconstruction post tumor resection [82] does not 

ttempt to mimic a vascularized bone flap. Instead, the focus is on 

steointegration of the allograft bone segment ends and the bulk 

f the graft is shielded with PMMA to prevent graft resorption. If 

he graft does fail it is protected from catastrophic brittle failure 

y the PMMA core. While simple, this solution builds on decades 

f prior knowledge, is safe, cheap and most importantly effective. 

imilarly, the Masquelet technique, stages healing by blocking heal- 

ng zones, again with PMMA, a material that is neither biomimetic 

or bioactive. 

At the other spectrum, biological or cellular engineering ap- 

roaches have yet to make a significant impact. A notable ex- 

eption is the in vivo bioreactor approach- essentially using the 

atient’s body as a sterile culture environment to engineer tis- 

ues ectopically for subsequent transplantation. Again, the key hur- 

le is the lack of control over neovascularization by microsur- 

ically anastomosable vessels ( > 1 mm diameter). Additive man- 

facturing has a key advantage in being able to easily recapit- 

late the complex geometries of the skeleton. Beyond that, ad- 

antages are less clear, often the proposed solutions are crude 

nalogues of bone tissue into which various channels and open- 

ngs at the macro ( > 500micron) scale have been ‘designed’. Often 

pproaches seem misguided by anthropomorphic heuristics and 

ssumptions not supported by data, such as cells choosing cer- 

ain micro-environments, or cells having whole organism like re- 

uirements for oxygen and nutrition that will apparently summon 

lood vessels, and result in a regenerative cascade [ 314 , 315 ]. These

nconscious biases have arguably slowed progress as researchers 

ave struggled to reconcile with their own data contradicting what 

eemed to be reasonable hypotheses. For example, the role of MSC 

n bone formation is not a topic on which the community has full 

onsensus [130] . In many techniques dedicated to reconstructing 

one, a lot of effort is often made in maintaining or inducing vas- 

ularization. Fewer complications are observed with vascularized 

one grafts, yet the presence of an adequate vascularization does 

ot necessarily lead to success. While success rates of large avascu- 

ar grafts is lower than for vascularized ones, it is not zero. Indeed, 

hese grafts do succeed, albeit not with high reliability. The mech- 

nisms behind failures are not, to the authors’ knowledge, eluci- 

ated, yet this seems important to understand better. 

If osteodistraction teaches us that proper vessel growth is nec- 

ssary for healing to succeed, the Masquelet technique shows that 

ne of the most important elements of recreating bone is to first 

epair surrounding soft tissues and potential vascularization. More- 

ver, the use of bone filler in osteodistraction or the Masquelet 

echniques indicate that creating bone is not the major issue in 

one healing, rather it is the vascularization. Experiments clearly 

how that dead bone can be repopulated if blood vessels are 

resent. On one hand, for replacing bone or just healing bone, 

he major requirement is an intrinsic vascularization. On the other 

and, the intrinsic vascularization of “an empty” scaffold is not re- 

uired for de novo bone formation. 

While cancer therapeutics are a high-profile priority for many 

eveloped countries, improving reconstruction of cancer survivors 

as fallen woefully behind. We have identified this patient group 

nd their currently poorly served needs as an emerging and grow- 

ng priority for bone regeneration that can only be addressed 

y surgically led multidisciplinary approaches that are pragmatic 

nd feasible within the increasingly resource limited setting of 

he healthcare system. The ideal reconstruction strategy for tumor 

urgery reconstruction is not yet clear. Confounding factors such 

s radiation damage to vascular supply of the surrounding soft tis- 

ue, systemic chemotherapy suppression of healing [316–319] , are 

ot fully elucidated. This poorly served area would appear to be an 

mportant priority for future scientific discovery. 
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