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Abstract: 
Lateral epiphyseal narrowing with valgus deformities of the knee and ankle are cardinal radiographic features of 
Congenitally Shortened Limbs (CSL) exhibiting Congenital Fibular Deficiency (CFD). Radiographs of typical CFD 
limbs reveal valgus deformities and lateral epiphyseal reductions at both the knee and ankle. Arteriography of CSL 
reveals not only absence of adult vessels, but preservation of primitive vessels. Specifically, the superior and inferior 
lateral genicular arteries that habitually serve the lateral femoral condyle (LFC) and the lateral aspect of the proximal 
tibial epiphysis are absent in CSL. Similarly, the usual arteries supplying the distal tibial epiphysis are absent, except 
for a singular periosteal vessel, which independently serves the anteromedial portion.

Active transitioning of the single primitive Axial Artery (AA) to the usual adult pattern of the lower limb accompanies 
periods of rapid growth and ossification of the anlagen. Dysgenesis of the lateral arteries supplying the secondary 
ossification centers leads to asymmetric growth of the developing epiphyses, caused by relative medial overgrowth. 
Since vascular dysgenesis manifests at sites of failed embryonic transition of the proximal Femur, fibula, and midline 
Metatarsals (FfM) in CSL, it is suspected that vascular dysgenesis also underlies the impaired growth of the reduced 
epiphyses as seen in CSL. This paper reviews these concepts.

Key Concepts:
•	 Undergrowth of the lateral epiphyses leads to valgus deformities of both the knee and ankle in CSL.

•	 Undergrowth is due to embryonic dysgenesis of lateral vasculature at and below the knee.
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Introduction
Radiographically absent fibula is the most frequent 
human congenital long bone deficiency of Congenitally 
Shortened Limbs (CSL).1 Arnold2 and others3-6 observed 
that equinovalgus deformities of the ankle/foot are part 
of a variable spectrum of anomalies involving the entire 
CSL, which encompasses the ipsilateral hip, femur, 
knee, tibia/fibula, ankle, and foot. Valgus deformities 
at the knee7 and ankle2,8 are cardinal findings of the 
CFD limb.4-6 Radiographic absence and/or delay of 
ossification of the long bones are regular features of the 
entire CSL, particularly of the proximal femur, fibula, 
and metatarsals (Figure 1).2,9,10

Such bony dysmorphisms have been attributed to 
acquired post-specification developmental errors.16,17 
The developmental cause(s) of the full spectrum of 
CSL deficiencies are incompletely understood. In the 
absence of other genetic anomalies, such dysmorphisms 
are likely the result of deviations from otherwise normal 
developmental processes.18

The most severe long bone reductions in CSL manifest 
at three noncontiguous locations: the proximal femur 
(PFFD),19 the fibula (CFD),2-6,19,20 and the midline 
metatarsals (M) (Figure 1A).20,21 This triad of 
dystrophisms syndromically corresponds to progressively 
later and more distal sites of evolving angiogenesis 
during transition from the primitive embryonic Axial 
Artery (AA) of the early limb bud to the more familiar 
and complex pattern of the adult limb (Figure 1B).13-16 
Each dystrophic long bone segment conforms to a 
common theme of failed transitioning of the primitive 
axial limb artery transitions to the adult pattern at each 
segment (Table 1).13-16

Valgus angulations at the knee and ankle in CSL 
have been attributed to unspecified hypoplasia of 
the lateral compartments of the limb, epiphyseal 
undergrowth, and/or mechanical tethering.7,8,25-28 
Radiography of CFD limbs characteristically reveals 
that both the proximal (Figure 2) and distal (Figures 3 
& 4) tibial bony epiphyses are smaller laterally and are 
irregular.2

Hypoplasia of the LFC is the single most frequent 
finding (93%) in all classes of CFD limbs.4,6 
Furthermore, the CFD limb displays severe deficiencies 
of the distal tibial plafond, which slopes almost 
vertically from the midline, facing laterally and 
posteriorly (Figure 4).8,23,29 The consequence of 
these arterial deficiencies are observed clinically as 
dysmorphism and delayed ossification of the LFC and 
the lateral portions of the proximal (Figure 2) and distal 

•	 In CSL, some adult vessels fail to form while more primitive vessels are preserved.

•	 Valgus angular deformities in CSL result from lateral reductions of the secondary ossification centers due to 
vascular dysgeneses that occurred before the epiphyses formed.

Abbreviations
CSL = Congenitally Shortened Limb
FfM = Syndrome of Proximal Femur, Fibula,  
           and Midline Metatarsals
CFD = 	Congenital Fibular Deficiency
LFC = 	Lateral Femoral Condyle
PFFD = Proximal Femoral Focal Deficiency
FA = Femoral Artery
ATA = 	 Anterior Tibial Artery
PTA = Posterior Tibial Artery
PA = Peroneal Artery
MPA = 	Medial Plantar Artery
AA = Axial Artery
CR = Crown Rump Length of Embryo
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tibial epiphyses (Figure 3) and the resulting valgus 
deformities. This Current Concept Review explores 
the anatomic and temporal relationship of defects in 

embryonic vascular development and transitioning to 
the lateral epiphyseal reductions and associated valgus 
deformities encountered in the clinic.
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Figure 1. A) Congenital long bone deficiencies of the human lower limb cluster at three 
distinct skeletal locations: the proximal femur in PFFD, the fibula in CFD, and the midline 
metatarsals. B) Illustration of the stages of arterial development in the lower limb to the 
adult form Crown-rump (CR) length indicates the developmental stage and at which each 
bony segment forms,11,12 and the respective supplying arterial branch transitions.13,14 This 
shared chronology implies that vascular insults at or prior to ossification result in the bony 
dystrophism. Reproduced from Senior, with modification.13,15 These long bone dystrophisms 
occur at progressively more distal sites, corresponding to the times and locations where 
vascular transitioning and angiogenesis occur during the sixth and seventh weeks of 
embryonic development. P indicates the position of the popliteus, T indicates the tibialis 
posterior, and H indicates the flexor hallucis longus.

Table 1. Spatial-Temporal Sequence of Bone and Arterial Development in the Lower Limb

Skeletal Dysmorphism Forming Artery Crown-Rump Length
PFFD Femoral a. 12-14 mm22

CFD Peroneal a. 16-18 mm23

Midline Metatarsal Dorsalis Pedis & Medial Plantar aa. 18-20 mm24
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Normal Embryonic-to-Adult Transitions 
of the Lower Limb Arteries
The vascular system is the first tissue to differentiate 
from the embryonic mesoderm through a process 
termed vasculogenesis. It commences as a syncytium 
of interconnecting vascular channels which are further 
modified by differentiation, growth, and migration. The 
earliest primitive limb arteries form at discrete locations, 
coupled to the specification, patterning, and subsequent 
growth of the embryonic tissues they will serve. Patterning 
of the embryonic vessels is not an intrinsic property of 
arteries themselves. Rather, the arterial endothelium 
remodels by enlarging, branching, converging, or receding 
in response to instructive signals from their client tissues 
in a dynamic process termed angiogenesis.13,14,31,32

Several waves of vessel development and regression 
occur in proximity to the developing long bones during 
their transition from mesenchymal primordia (anlagen) to 
more defined chondral and then ossified structures. There 
is a limited window of opportunity for vascular invasion 
of each anlage during its development as endochondral 
patterning and subsequent ossification ceases after 
the wave of progress has bypassed that segment of 
the limb.33,34 The arrangement of vessels prior to the 
appearance of the primary centers of ossification are 
present at birth and retained into adulthood.13-15,33,35 
Maldevelopment due to aberrant transitioning of these 
arteries results in corresponding dystrophic post-
specification failures of their bony constituencies to form 
or mineralize.17,20,36

Figure 2. A) Comparative standing anteroposterior radiograph of a normal right 
and CFD-affected left limb of a juvenile patient. Reductions of the lateral femoral 
condyle and the lateral portion of the proximal tibial epiphysis are evident; the fibula 
is radiographically absent. B) A graphic illustration of the radiographically diminished 
(gray) and absent skeletal structures (dashed) in the CFD limb, superimposed over the 
contralateral (solid line), demonstrating an absent fibula as well as reduction of the 
lateral femoral condyle and proximal tibial epiphysis.
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Rapid growth of the lower limb accompanies rapid 
growth of the embryo from 10 mm crown-rump (CR) 
length at 5 ½ weeks to 30 mm by the end of the seventh 
week of development. The primitive Axis Artery 
(AA) of the developing embryonic limb normally 
transitions through a series of buddings and regressions 
to arrive, by the eighth embryonic week, at the more 
familiar and complex adult arterial pattern of the lower 
extremity.13-15 The AA branches from the dorsal root of 
the umbilical artery at the 9 mm CR stage to provide 
the exclusive blood supply to the lower limb bud,13-15 
the tibia posteriorly and the anterior surface of the 
popliteus muscle as the Deep Popliteal Artery (DPA).13 
The femoral artery (FA) grows out from the external 

iliac artery at the 12 mm CR stage to merge with the AA 
above the knee by about the 14 mm CR stage.13,14,37 By 
the 18 mm CR stage, the FA contribution surpasses that 
of the AA and subsequently serves as the predominant 
vascular supply below the knee.13-15,37 By the 22 mm 
CR stage, the continuity of the AA above the knee has 
been interrupted; it is at this point that only the FA and its 
derivatives convey blood to the region below the knee, 
with the exception of the communicating branch of the 
anterior tibial artery (ATA) (Figure 5).37

As the AA is succeeded by the FA, the DPA is replaced 
by the Superficial Popliteal Artery (SPA) posterior to 
the popliteal muscle. After regression of the DPA, the 
SPA gives rise to the superior and inferior medial and 

Figure 3. Comparative anteroposterior radiographs of the ankles of a juvenile CFD patient. A) The CFD affected ankle 
demonstrates a triangular distal tibial epiphysis with the apex narrowed toward the midline; like the ipsilateral fibula, 
the lateral aspect of the epiphysis is radiolucent. B) Radiograph of the contralateral ankle of the same patient displays 
a normal, trapezoidal distal tibial epiphysis. C) Illustrative superimposition of images A & B, highlighting the normal 
tibia (shaded) and radiographic absence of the fibula and lateral bony epiphyseal structures (dashed) in the CFD limb.
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lateral genicular arteries around knee as well as the distal 
trifurcation of the Anterior Tibial (ATA), Posterior Tibial 
(PTA), and Peroneal (PA) Arteries, which supply the 
lower limb.13,14,37 All of the vessels of the trifurcation 
have been shown to be entirely lacking in CFD 
(Figure 6).20,23

The femoral condyles normally derive their blood supply 
from the superior medial and lateral genicular branches 

of the SPA.38,39 The arterial network surrounding the 
proximal tibia is served principally by branches of 
the medial and lateral inferior genicular arteries, with 
contributions from the recurrent branches of the ATA 
and from the other named genicular arteries, through 
an anastomosis around the knee joint.38,39 Articular and 
saphenous branches of the descending genicular artery 
contribute to the medial side of the anastomosis.15
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
 M
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D E F G

B

Figure 4. A) Antero-posterior and B) lateral radiographs of a juvenile CFD limb reveals anterior bowing of 
the tibial shaft, radiolucent fibular anlage, and deficiency of the posterior distal tibial epiphysis, which tapers 
posteriorly.23 C) Illustration of B, highlighting the structures that are present (solid line) and approximate location of 
the deficient structures CFD (dashed lines). D, E) Anteroposterior and F, G) lateral radiographs with corresponding 
illustrations of the same limb shown in A-C after skeletal maturity.30 The fibular anlage has mineralized and is 
now radiographically apparent. The distal tibial articulation faces posteriorly and laterally to articulate with the 
flattened head of the deformed talus. Illustrations E and G outline the missing posterior and lateral portions of the 
distal tibial epiphysis (dashed) of the articular surface of the distal tibia at the plafond, which extend to the visible 
physeal scars (white arrows). Images reproduced by permission.
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Figure 5. Illustration of the habitual transition of arteries 
supplying the distal limb from the primitive Axial Artery which 
recedes and is succeeded by the Femoral Artery by the 22 mm 
CR stage. The segment of the popliteal artery, normally formed 
by a persistent primitive arterial segment (arrowhead) was 
atretic in the patient reported;37 the non-primitive segment 
(arrow) is likely the result of flawed embryonic arterial 
transitioning. Reproduced with permission.37

The distal end of the tibia is a composite bone, formed 
from a medial (or tibial) part and a lateral (or fibular) 
part, each with a distinct vascular supply.40,41 The 
principal vessel serving the medial portion forms by 
coalescence of a number of descending periosteal arteries 
(Figure 7). It enters the epiphysis through a notch at 
the anterior and inferodistal articular surface close to 
the midline at the interval between the two epiphyses.41 
The posterior-lateral parts of the distal tibial epiphysis 

Figure 6. Illustration of the vascular anatomy of the 
FfM limb. After the 22 mm CR stage, the femoral artery 
provides the sole blood supply to the lower limb below the 
knee. Saphenous and articular branches of the descending 
genicular artery supply the medial portions of the knee 
from the medial femoral condyle to the medial tibial 
plateau. The medial inferior genicular artery remains with 
the distal portion of the primitive arterial segment.14,32 
The descending genicular arteries and the medial inferior 
genicular artery form independently of the DPA to SPA 
transition, which selectively affects the lateral superior and 
lateral inferior genicular arteries as well as the ATA, PTA 
and PA arteries, which all fail to form (as represented by the 
dotted lines).23
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supplied by circumferential vessels originating as 
branches of the ATA, PTA, and PA.

Normal Embryonic Development of Long 
Bones of the Long Bones of the Lower Limb
The lower limb buds first become visible as 
mesenchymal condensations on the flank of the embryo 
approximately 4 weeks after conception.11,12,34,42 By 
the end of the sixth embryonic week, mesenchymal 
condensations in the core of the limbs are sufficiently 
molded to resemble their mature bony shapes. Rapid 
growth of the lower limb accompanies rapid CR growth 
in length from 10 mm at 5 ½ weeks to 30 mm by the 

end of the seventh week of development. Specification 
of the limb segments proceeds in a proximal-to-distal 
sequence, where the femur is specified before the 
fibula and tibia and, later, the tarsals, metatarsals, and 
digits in sequence.33,34 By the beginning of the eighth 
week, all skeletal elements of the limbs are present as 
cartilaginous models.33,43

Inter-Relationship of Vascular Transitioning 
and Growth of the Lower Limb Bones
Specification of the limb segments proceeds in a 
proximal-to-distal sequence.33,34 The lower limb buds 
arise as mesenchymal condensations on the flank of the 

Periosteal Artery 

Periosteal
Artery Periosteal

Artery

Transverse view

Periosteal
Artery

Medial
Malleolus

Fibula

Posterior Tibia

A B

DC

Figure 7. A) Antero-posterior, B) lateral and C) coronal illustrations of the epiphysis of the distal 
tibia from 4A,B, demonstrating the location of the consistent union of periosteal vessels for the 
interior and medial portions of the tibial plate during development and at skeletal maturity D). 
This results in the pathological bean-shaped29 bony quarter of the anterior and medial articular 
surface of the distal tibia. This is evidenced in Figures 3 and 4 as a result of the sole anterior 
blood supply to the distal tibial epiphysis. Absence of the usual circumferential blood supply in 
the groove around the distal tibia produced by branches of the ATA, PTA, and PA are missing as 
evidenced in Figure 6 and the arteriography of the CFD limb in Figure 4.23
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embryo at approximately 4 weeks after conception.11,34 
By the end of the sixth embryonic week, mesenchymal 
condensations are sufficiently molded to resemble their 
mature bony shapes. By the beginning of the eighth 
week, all skeletal elements of the limbs are present as 
cartilaginous anlagen.33,43

Angiogenesis features prominently in normal 
endochondral development of long bones and, generally, 
in skeletogenesis, adapting to meet the metabolic 
demands of the developing bone as it grows.44-47 Blood 
is supplied to long bones through three primary sources: 
(a) the diaphyseal nutrient artery, which invades the 
anlage to establish a primary center of ossification during 
development and supply the endosteal compartment 
of the mature meta-diaphysis; (b) the circumferential 
and epiphyseal arteries, which supply the ends of the 
long bones to establish secondary ossification centers 
of the epiphyses as well as the perichondrial rings of 
Ranvier; and (c) periosteal arteries, which supply both 
the outer portion of the bone as well as communicate 
with the endosteal compartment via recently described 
transcortical vessels.48-51

Ossification of the secondary centers normally occurs 
perinatally, dividing the epiphyseal anlage into two 
functionally distinct structures: the articular cartilage of 
the joint and the physeal growth plate, which continues 
to drive both longitudinal and latitudinal bone growth 
postnatally. Prior to its closure at maturity, the physis 
itself remains avascular; its metabolic demands are 
met primarily via diffusion of transudate from the 
terminal branches of the epiphyseal artery and the 
circumferential vascular network within the ring of 
Ranvier.49,50,52

Embryonic Arterial Dysgenesis 
Predicts Multiple Sites of Long 
Bone Dysmorphism in CFD Limbs
Errors of embryonic arterial development have 
been associated with a variety of lower limb 
dysmorphisms.14,20,22,23,33,53,54 Formation of the medial 
and lateral superior and inferior genicular arteries depend 

upon normal SPA development (Figure 6). When the 
DPA to SPA transition has failed, the lateral branches 
of the genicular artery, ATA, PTA, and PA and their 
derivatives, as direct branches of the FA, are also lost. 
However, the more primitive medial inferior genicular 
as a persisting branch of the AA from the DPA and the 
superior genicular arteries have medial articular and 
saphenous branches, which also persist.

The inferior medial genicular and superior genicular 
arteries continue to supply the medial aspect of the 
knee independent of dysgenesis of the DPA to SPA 
transition.32 In contrast, the inferior lateral genicular 
artery, which requires successful transitioning of the DPA 
to the SPA, does not form in the CFD limb. Thus, only 
the lateral superior and inferior genicular arteries, which 
depend entirely on the normal DPA to SPA transition, 
fail to form. The pathoanatomy of the arterial tree is 
evident on angiography of CFD affected limbs which are 
abnormal in all CSL studied.16,23,30,40,55

As noted earlier, the distal tibial epiphysis is supplied by 
the circumferential arterial ring within the perichondrial 
groove of Ranvier, receiving contributions from the 
usual three vessels of the calf: the ATA, PTA, and PA,48 
which are entirely lacking in CFD limbs (Figures 6 
and 7).15,24,48,54,56 Failed transition of the DPA to the 
SPA results in loss of the ATA, PTA, and PA and their 
contributions to the perichondrium of the distal tibial 
epiphysis, and therefore failure to initiate a secondary 
ossification center in the portions of the field that these 
vessels would have served, with the exception of the 
anteromedial quadrant.29,40,41 Independent of the DPA to 
PA transition, this region is served by a solitary vessel 
formed by the anastomosis of periosteal vessels, which 
enters the anterior-medial epiphysis through a groove just 
medial to the midline.41,48 This vessel permits formation 
of a bean-shaped29 secondary center of ossification 
in the preserved anteromedial quadrant (as visualized 
in Figures 3, 4, and 7) radiographically apparent on 
anteroposterior and lateral views of the distal tibial 
epiphysis as a wedge- or bean-shaped triangle, tapering 
toward the midline (Figure 4).8,23,29,41,49
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Conclusions
The wide variety of CSL/CFD dysmorphisms deviate 
from normal limbs, with certain predictable FfM 
reductions, congruent with specific embryonic vascular 
dysgeneses as anticipated by the enduring studies of 
embryonic arterial anatomy by Senior.13,14,32 Epiphyseal 
reductions of the lateral knee and ankle in affected limbs 
also conform to specific arterial deficiencies. Embryonic 
vessels transition via angiogenesis in response to the 
metabolic demands of the developing long bones 
they serve. The timing of such transitions is critical in 
determining the dysmorphologies seen in CSL.13,15,16,20,33 
When disturbances occur, the most metabolically active 
structures later appear dystrophic.18

Lateral knee underdevelopment may respond to guided 
growth via surgical stapling or epiphysiodesis to prevent 
medial overgrowth and is indicated to prevent valgus 
angular deformity of the knee.7 The asymmetric growth 
of the distal tibial epiphysis, which contributes to the 
equinovalgus deformity of the foot and ankle in CFD, 
is not remediable.8 Further examination of embryonic 
vascular dysgenesis as a common denominator in 
maldevelopment of the LFC and the lateral parts of the 
proximal and distal tibial epiphyses and the long bones of 
the lower limb is thus encouraged.
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