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fractures through the immature metaphyseal 
bone near the growth plate. Classic metaphy-
seal lesions are most commonly diagnosed us-
ing plain radiographs and may vary in appear-
ance depending on several factors including 
the angle of the radiographic projection, time 
elapsed since injury, and extent of the frac-
ture [7]. When the radiographic projection 
is perpendicular to the long axis of the bone, 
classic metaphyseal lesions often appear as a 
corner fracture; when the projection is non-
perpendicular relative to the long axis of the 
bone, a bucket-handle pattern often appears 
[3]. Despite the differing appearance, classic 
metaphyseal lesions are planar fractures that 
may extend partially or completely through 
the metaphyseal bone and undercut the sub-
periosteal bone collar at the periphery [3].

Currently, the biomechanics associated 
with and loading conditions necessary to 
generate classic metaphyseal lesions are un-
known. It has been suggested that shearing 
or tensile forces due to pulling an infant’s 
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T
he classic metaphyseal lesion is 
highly associated with abuse in in-
fants. In fatally abused infants, 
classic metaphyseal lesions are the 

most common fracture [1]. In a study of 31 fa-
tally abused infants with skeletal injuries, 
Kleinman et al. [1] identified 64 classic me-
taphyseal lesions in 20 infants. A further study 
confirmed classic metaphyseal lesions to be the 
most common fracture type, with 40% of 89 
total fractures occurring in 36 abused children 
being classic metaphyseal lesions [2]. Classic 
metaphyseal lesions most commonly occur at 
the distal femur and proximal tibia [3]. Classic 
metaphyseal lesions of the distal femur and 
proximal tibia often involve the medial aspect 
of the knee and extend to the lateral aspect in 
more severe cases [4, 5]. Aside from abusive 
trauma, classic metaphyseal lesions have other-
wise been reported only as a result of birth 
trauma and treatment of clubfoot [6, 7].

Classic metaphyseal lesions, also referred 
to as corner or bucket-handle fractures, are 
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OBJECTIVE. The classic metaphyseal lesion is highly associated with abuse in infants. 
Classic metaphyseal lesions, also referred to as corner or bucket-handle fractures, are frac-
tures through the metaphyseal region of the long bones near the growth plate. Knowledge of 
the biomechanics and mechanisms necessary to produce a classic metaphyseal lesion may 
provide insight into the injury causation associated with this unique fracture type. Thus, the 
purpose of this study was to investigate loading conditions necessary to create a classic me-
taphyseal lesion using an immature porcine model.

MATERIALS AND METHODS. Twenty-four pelvic limb specimens from 7-day-old 
and 3-day-old piglets were tested in lateral bending (varus and valgus) using an electromechan-
ical testing machine. All specimens were loaded dynamically in four-point bending at a rate of 
100 inches/min. Microcomputed tomography was performed on specimens before and after 
testing. Pre- and posttest CT images were compared to assess whether fracture had occurred.

RESULTS. Fractures resembling classic metaphyseal lesions were identified in 12 of the 
24 specimens. Microcomputed tomography images revealed trabecular disruptions visually 
similar to classic metaphyseal lesions in children. 

CONCLUSION. Metaphyseal fractures, consistent with clinical classic metaphyseal le-
sions, resulted from a single loading event delivering varus or valgus bending to the stifle 
(knee). A classic metaphyseal lesion is a unique type of fracture with specific morphologic 
characteristics. Therefore, we suggest using the term “classic metaphyseal fracture” in lieu of 
classic metaphyseal lesion to improve precision of terminology.

Thompson et al.
Porcine Model for Classic Metaphyseal Lesion

Pediatric Imaging
Original Research

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

jr
on

lin
e.

or
g 

by
 1

98
.5

0.
4.

5 
on

 0
4/

18
/1

9 
fr

om
 I

P 
ad

dr
es

s 
19

8.
50

.4
.5

. C
op

yr
ig

ht
 A

R
R

S.
 F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d 



W504 AJR:204, May 2015

Thompson et al.

extremity, torsional loading associated with 
twisting an infant’s extremity, or flailing of 
a victim’s extremity during violent shaking 
may be the cause of these injuries [3, 7]. Sev-
eral studies have attempted to produce clas-
sic metaphyseal lesion fractures using an 
immature porcine model. Ruess et al. [8] 
twisted the extremities of or shook eight ca-
daveric immature pigs; 68 metaphyseal frac-
tures, consistent with classic metaphyseal le-
sions, were identified histologically and 22 
through film-screen radiography. However, 
specific loading conditions (magnitude and 
direction of the applied forces) were not re-
ported. Kleinman et al. [9] and O’Connor et 
al. [10] manually applied varus and valgus 
bending loads to the extremities of fetal pigs, 
generating classic metaphyseal lesions for 
the purpose of comparing film-screen radi-
ography to computed radiography in identifi-
cation of classic metaphyseal lesions. Again, 
details regarding the bending loading condi-
tions were not reported.

Thus, the aim of the present study was 
to experimentally generate a classic me-
taphyseal lesion–type fracture in an imma-
ture porcine model and determine loading 
conditions (magnitude and direction of ap-
plied forces and moments) necessary to cre-
ate the fracture. This was accomplished by 
controlled loading of immature porcine pel-
vic limb specimens. Because classic me-
taphyseal lesions are highly associated with 
abuse, knowledge of mechanisms needed to 
produce a classic metaphyseal lesion–type 
fracture in an immature animal model may 
advance our understanding of loading condi-

tions that an infant is exposed to in order to 
generate a classic metaphyseal lesion.

Materials and Methods
In an attempt to produce a classic metaphyseal 

lesion experimentally in an animal model, imma-
ture porcine pelvic limb specimens were tested in 
lateral varus and valgus bending by using an elec-
tromechanical testing machine (eXpert 2610, AD-
MET). Lateral bending was chosen as the loading 
condition on the basis of previously reported suc-
cess in generating fractures similar to classic me-
taphyseal lesions by using lateral (varus and val-
gus) bending [9].

Pelvic limb specimens of 3- and 7-day-old pig-
lets ranging in weight from 1.7 to 2.8 kg (3-day-
old) and 2.6–3.9 kg (7-day-old) were tested fol-
lowing an IACUC-approved protocol (IACUC 
protocol 10154). Previous studies have used im-
mature pigs as a model for infants to investigate 
body composition [11–13], relationships between 
bone density measures acquired by dual-energy 
x-ray absorptiometry and bone strength [14, 15], 
fracture patterns [16, 17], and classic metaphyseal 
lesions [8–10]. To replicate the skeletal structure 
of infant extremities, we selected 3- and 7-day-old 
piglets because the 3- and 7-day-old porcine sti-
fle (knee) joints were comparable to those of 3- to 
9-month-old infants [18] with regards to ossifica-
tion and metaphyseal and epiphyseal morphology.

Specimen Preparation
Specimens were preserved in saline-soaked 

gauze and stored frozen at –20°C until testing. Be-
fore testing, specimens were thawed to room tem-
perature. Specimens were disarticulated at the tar-
sus (ankle joint) and hip, leaving the stifle (knee) 
joint and all associated bones (femur, tibia, fib-
ula) and soft tissue intact. The skin was removed 
to prevent slippage in the testing apparatus. Two 
holes (0.078 inches [2.0 mm] in diameter) were 
drilled in the proximal femur and distal tibia, and 

1.5-inch (38-mm)–long pins were inserted to se-
cure the bone in the potting material. The stifle 
joint was fully extended, and the ends of the limbs 
were potted in automotive body filler, leaving the 
stifle joint unconstrained.  The potted limbs were 
allowed to set for 30 minutes to ensure complete 
hardening of the body filler. Specimens were then 
secured in a custom four-point bending fixture and 
positioned for testing by use of an electromechani-
cal testing machine (eXpert 2610, ADMET) (Fig. 
1). The specimen was oriented so that the load was 
applied to either the medial or the lateral aspect of 
the pelvic limb, creating a varus or valgus bend-
ing moment, respectively. Inboard fixture supports 
(labeled “A” in Fig. 1 and positioned beneath the 
potted specimen) were fixed at an equal distance 
from fixture components applying downward load-
ing (labeled “B” in Fig. 1), and the distance (x in 
Fig. 1) between inboard supports and fixture com-
ponents was measured.

Mechanical Testing
Preliminary tests were performed on two spec-

imens (one 3-day-old piglet and one 7-day-old 
piglet) to estimate the magnitude of failure (frac-
ture) loads and determine the associated failure 
mechanism (fracture type and bone region of fail-
ure). The electromechanical testing machine was 
equipped with a 1000-lbf (4448-N) load cell (SM-
1000, Interface). Specimens were loaded in four-
point valgus bending at a rate of 100 inches/min 
(42.3 mm/s) and set to cutoff after a 20% reduction 
in measured force, indicating tissue failure and 
likely fracture. Force and displacement were sam-
pled at 90 Hz. All tests were videotaped at 30 Hz. 
Bending moments, M, were calculated using the 
equation M = (F/2)x, where F is the force record-
ed by the load cell and x is the distance measured 
between fixture supports and fixture components 
(A and B, respectively, in Fig. 1). After prelimi-
nary tests, moment-versus-time data and videos 
were reviewed to determine point of failure and 

Fig. 1—Diagram shows immature porcine pelvic limb 
specimen positioned in electromechanical testing 
machine in custom four-point bending apparatus. 
Though not depicted, specimen was tested with soft 
tissue intact. Arrows indicate location and direction 
of force application, and “x” indicates distance 
between supports (A) and fixture components (B) 
applying downward load.
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Fig. 2—Bending-moment-
versus-time-curve 
shows loading applied 
to preliminary test 
specimens to estimate 
failure (fracture) loads. 
Sudden decreases in 
bending moment (drops in 
moment on time-history 
plots) are indicative of 
inability of pelvic limb 
to sustain continued 
loading because of tissue 
failure. Complete growth 
plate separation was 
failure mechanism in both 
specimens.
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failure loads. Specimens were dissected to assess 
failure mechanism. These tests revealed that tissue 
failure occurred at the femoral growth plate with 
complete separation of the cartilage from the me-
taphysis. Because classic metaphyseal lesions were 
expected to occur at loads less than the determined 
growth plate failure load, remaining tests of 3- 
and 7-day-old specimens (n = 24) were conducted 
with peak loads set at 50–85% of the growth plate 
failure load (from preliminary tests). Groupings 
of specimens were tested at various peak bend-
ing moments within the 50–85% of growth plate 
failure range to investigate whether loading with-
in this range was capable of generating a classic 
metaphyseal lesion or whether a different failure 
mechanism would emerge. All specimens were dy-
namically loaded at a rate of 100 inches/min (42.3 
mm/s) to replicate injury-causing scenarios. Test-
ing ended when the bending moment reached the 
preset peak load. Statistical analysis was not per-
formed given the small sample size.

Imaging
To identify whether a classic metaphyseal lesion 

occurred, we performed microcomputed tomogra-
phy (Microphotonics; and Skyscan 1173, Bruker) on 
specimens before and after testing. All scans were 
conducted to achieve 20-μm resolution. Pre- and 
posttest images were reconstructed in Mimics im-
age-processing software (version 15.0, Materialise) 
to view the specimens in 3D. Sagittal, coronal, and 
transverse views were compared to assess wheth-
er fracture had occurred. A classic metaphyseal le-
sion–type fracture was suspected if trabecular dam-
age just proximal to the femoral growth plate or just 
to the tibial growth plate was identified on the post-
test CT scan but not present on the pretest scan.

Results
Preliminary tests of 3- and 7-day-old spec-

imens revealed that failure occurred at the 
femoral growth plate (complete separation 
of metaphyseal bone from cartilage). Review 
of the loading time-history plots (Fig. 2) re-
vealed rapid drops or decreases in the bend-
ing moment, suggesting that tissue failure oc-
curred. However, in general, rapid decreases 
in bending moment identified in time-history 
plots are not able to predict which tissue failed 
(soft tissue vs bone) or where the failure oc-
curred. In our preliminary testing, the bend-
ing moment measured before the first sub-
stantial drop (Fig. 2; 6.3 Nm [56 inches × lbf] 
for 3-day-old specimen and 9.0 Nm [80 inch-
es × lbf] for 7-day-old specimen) was used as 
the threshold below which all further testing 
would be conducted. This was chosen as a 
conservative estimate of growth plate failure 
load because classic metaphyseal lesions were 
expected to occur before growth plate failure.

Excluding the preliminary tests to determine 
failure loads, we tested 24 pelvic limb speci-
mens (Fig. 3). Five specimens did not undergo 
posttest scanning and thus were excluded from 
further analysis: for one specimen, an error in 
the test setup occurred such that loading was 
not applied properly; three specimens had com-
plete failure or separation of the femoral growth 
plate; and one specimen fractured at the loca-
tion of the retention pin in the proximal femur. 
On the basis of the microcomputed tomography 
images, fracture patterns consistent with classic 
metaphyseal lesions were identified in 12 (five 
7- and seven 3-day-old) specimens. These frac-
ture patterns were identified in both loading di-

rections (varus and valgus) and occurred within 
peak applied bending moments of 3.2–5.4 Nm 
in the 3-day-old specimens and 5.4–6.8 Nm in 
the 7-day-old specimens.

In the 12 specimens with fracture patterns 
consistent with classic metaphyseal lesions, 
fractures were identified at the distal femur in 
all specimens (n = 12) and at the proximal tib-
ia in five specimens, yielding 17 fractures in 
total. Thus, five pelvic limb specimens had 
both femoral and tibial classic metaphyseal le-
sions. Microcomputed tomography images re-
vealed that fractures generally appeared as a 
thin white line slightly distal to the femoral 
(or proximal to the tibial) metaphyseal surface 
(Figs. 4–6), indicating that mineralized bone 
tissue had separated from the metaphyseal 
body. The severity and extent of the fracture 
varied. Eight of the 17 fractures traversed the 
entire metaphysis (Fig. 4). In cases where the 
fracture did not cross the entire metaphyseal 
plane (n = 9 specimens), the medial aspect of 
the femur or tibia was most frequently involved 
(n = 5), regardless of the applied bending di-
rection (varus in three, valgus in two) (Figs. 5 
and 6). A classic metaphyseal lesion pattern 
was identified in only the central aspect of the 
femur or tibia in three cases (all varus) and the 
lateral aspect in one case (valgus). In two spec-
imens, significant displacement of the femoral 
epiphyses was noted after testing (Fig. 4B).

In addition to the microcomputed tomog-
raphy images, bending-moment-versus-time  
curves were reviewed for further evidence of 
fracture. Figure 7 shows the time histories for 
specimens with a classic metaphyseal lesion. In 
general, the time-history curves displayed two 
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Fig. 3—Flow diagram for bending tests 
of porcine pelvic limb specimens shows 
specimen age, number of specimens 
tested under varus or valgus loading 
conditions, peak applied bending 
moment, and number of specimens 
with fracture(s) (total n = 12) based on 
microcomputed tomography.
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distinct regions: first, an initial “toe” region, in 
which applied moment was relatively constant 
(owing to laxity in the joint where displacement 
occurred at low levels of bending moment); and 
second, the primary loading curve, in which 
the bending moment increased nonlinearly. 
Rapid drops or decreases in the applied bend-
ing moment occurred in eight of the 12 spec-
imens for which microcomputed tomography 
images revealed evidence of fracture (e.g., in 
Fig. 7A, there is a drop in moment for speci-
men 3L at 6.5 Nm). Bending-moment-versus-
time plots showed no rapid decrease in bending 
moment during testing in the 4 remaining spec-
imens (7-day-old specimens 5R, 6L, and 6R 
and 3-day-old specimen 16L) despite evidence 
of fracture in microcomputed tomography im-
ages. Conversely, sudden drops or decreases in 

bending moment were identified during test-
ing of two specimens for which microcomput-
ed tomography revealed no evidence of frac-
ture. This suggests that the characteristic drop 
in bending moment may have been due to fail-
ure in tissue other than bone tissue or that im-
age resolution was not adequate to detect bone 
tissue failure. As expected, bending moments 
necessary to generate fracture patterns consis-
tent with classic metaphyseal lesions were low-
er than moments associated with the growth 
plate separation failure mechanism that oc-
curred in our preliminary testing.

Discussion
In this study, metaphyseal fractures struc-

turally consistent with clinical classic me-
taphyseal lesions were experimentally pro-

duced in immature porcine pelvic limbs 
through controlled varus and valgus bend-
ing. Previous studies have reported bending 
loading conditions as a mechanism that gen-
erated fractures resembling classic metaphy-
seal lesions [8–10]. In this study, we aimed to 
build on that work by applying bending loads 
in a controlled manner, measuring bending 
moments associated with fracture, and docu-
menting the resulting fracture patterns using 
microcomputed tomography. Fractures were 
generated in both 3- and 7-day-old specimens 
in both varus and valgus bending. Lateral 
bending generates tensile forces on one side 
of the bone and compressive forces on the oth-
er (e.g., in valgus bending, bone tissue on the 
medial aspect will be under tension whereas 
bone tissue on the lateral aspect will be under 

C

A

Fig. 4—Coronal microcomputed tomography images of 7-day-old specimen 3L. Specimen was tested in valgus bending with peak applied moment of 6.8 Nm.
A and B, Images of femur before (A) and after (B) testing are shown. Bony fragments separated from metaphysis indicate fracture (arrows, B).
C and D, Images of tibia before (C) and after (D) testing are shown. Bony fragments separated from metaphysis indicate fracture (arrows, D).
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compression). Thus, it was expected that the 
fracture region would be dependent on the di-
rection of loading (varus or valgus). However, 
both varus and valgus loading directions pro-
duced fractures on the medial aspect, lateral 
aspect, or both. The majority of fractures gen-
erated in this study traversed the entire plane 
of the metaphysis. However, when fractures 
did not traverse the entire metaphysis, the me-
dial aspect of the femur or tibia was most of-
ten involved. This is consistent with clinical 
classic metaphyseal lesions of the distal fe-
mur and proximal tibia, which most often in-
volve the posteromedial aspect [4, 5]. Klein-
man and Marks [4, 5] hypothesized that the 
medial aspects of the distal femur and proxi-
mal tibia were weaker than the corresponding 
lateral aspects due to anatomic differences. 
Our findings of fractures primarily occurring 
in the posteromedial regions of the distal fe-
mur and proximal tibia, despite loading direc-
tion (varus vs. valgus), are likely due to these 
anatomical differences that result in weaker 
medial regions of the distal femur and prox-
imal tibia. Reduced trabecular density at the 
medial aspect and discontinuity between the 
subperiosteal bone collar and cortex, as high-
lighted by Kleinman and Marks, would lead 
to higher trabecular stress in this region and, 
thus, the likely location of fracture initiation.

Specimens were loaded to peak bending 
moments ranging from 3.2 to 6.8 Nm that 
were applied dynamically at a rate of 42 
mm/s. Fractures occurred at or below these 
peak moments, although exact fracture loads 
for each specimen could not be determined. 
The bending-moment-versus-time plots were 
reviewed for each specimen to determine 
whether any indication of fracture genera-
tion was evident. However, we determined 
that use of loading history plots alone was 
not sufficient to predict fracture given that 
plots for some specimens without fracture 
showed similar profiles (sudden decrease in 
moment) to those with fracture. Moreover, it 
was not possible to determine the cause of 
each sudden decrease in the moment-ver-
sus-time curves. In addition to indications of 
fracture, decreases could have resulted from 
soft-tissue failure, yielding of the tissue be-
fore failure (owing to the ductility of imma-
ture bone), or movement artifacts in the test 
fixtures. In an attempt to compare the peak 
moments in this study to published failure 
loads of pediatric bone, measurements of the 
bending strength of femoral cortical bone re-
ported by Currey and Butler [19] were used 
to estimate associated bending moments. 

Using the provided dimensions of the Cur-
rey and Butler bone specimens, we esti-
mated fracture bending moments of 1.2–1.4 
Nm for children 2–4 years old. These loads 
are lower than peak bending moments ap-
plied in our study, in contrast to published 
findings that failure loads for cortical bone 
would be greater than metaphyseal trabecu-
lar bone [20]. However, Currey and Butler 
measured bending strength for small (2 mm 
thick) bone specimens (as opposed to whole 
bones) and applied bending loads quasi-stat-
ically (at a rate of 5 mm/min, which is much 
lower than the applied loading rate in our 
study). Because of the viscoelastic nature 

of bone, failure loads would likely be high-
er with increased loading rates. Additional-
ly, our specimens included not only whole 
bones but also ligamentous structures hav-
ing the ability to sustain a portion of load-
ing. The maximum loading rate of our elec-
tromechanical testing machine was used in 
an attempt to better simulate real-world inju-
ry-causing events.

Although classic metaphyseal lesions have 
commonly been described radiographically 
and histologically [4, 5, 21], only one oth-
er study has documented the appearance of 
classic metaphyseal lesions using microcom-
puted tomography [22]. Because of the small 

A
Fig. 5—Coronal microcomputed tomography images of 3-day-old specimen 15R. Specimen was tested in valgus 
bending with peak applied moment of 4.7 Nm.
A and B, Images of femur before (A) and after (B) testing are shown. Bony fragments separated from 
metaphysis indicate fracture (arrow).

B

A
Fig. 6—Sagittal images of 3-day-old specimen 11L. Specimen was tested in valgus bending with peak applied 
moment of 3.2 Nm.
A and B, Images of femur before (A) and after (B) testing are shown. Bony fragments separated from 
metaphysis indicate fracture (arrows, B).
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size of the bone specimens in this study, mi-
crocomputed tomography was particularly 
useful to enable visualization of the trabecu-
lar structure. Tsai et al. [22] used high-reso-
lution CT and histopathology to examine the 
morphology of normal metaphyseal bone in 
infants and that of infants with clinically di-
agnosed classic metaphyseal lesions, and this 
technique enabled them to examine the 3D 
morphology of the fracture in greater detail. 
Tsai et al. confirmed that classic metaphy-
seal lesions in infants are planar fractures 
through the metaphysis separating a miner-
alized bone fragment that is thin centrally 
and thicker peripherally where it encompass-
es the subperiosteal bone collar. In our study, 
classic metaphyseal lesion patterns had 
greater variation and did not always contain 
the thicker peripheral fragment. Additional-
ly, clinical diagnosis of classic metaphyseal 
lesions is often aided by evidence of fracture 
healing (e.g., accumulation of hypertrophic 
chondrocytes at the fracture site), which was 
not possible in our in vitro study [4, 22].

Suggested causes of the classic metaphyseal 
lesion in infants include pulling or twisting a 
child’s extremities or inertial forces generated 
by shaking an infant [3, 7, 22]. Reported acci-
dental causes include birth trauma (e.g., breech 
birth) or clubfoot repair [6, 7]. Each of these 
mechanisms would likely include combina-
tions of bending, torsion, and tensile forces. In 
this study, pure varus and valgus bending loads 
were found to generate metaphyseal fractures 
consistent with clinical classic metaphyseal le-
sions. It is possible that other loading mecha-
nisms—such as tension and torsion, as well 
as combined loading such as that involved in 
yanking or twisting an infant’s extremities—
would also produce classic metaphyseal le-
sions. These loading mechanisms should be in-
vestigated further in future studies.

In the present study, metaphyseal frac-
tures consistent with clinical classic metaph-
yseal lesions were replicated in an animal 
model under controlled loading. Our results 
indicate that classic metaphyseal lesions can 
result from a single loading event of later-
al bending and that classic metaphyseal le-
sions are in fact fractures. Thus, we propose 
the term “classic metaphyseal fracture” be 
used in lieu of “classic metaphyseal lesion.” 
A change in terminology may provide great-
er clarity because the term “lesion” is gen-
eral, implying tissue damage for many rea-
sons, and is not specific to trauma, whereas 
the term “fracture” is more precise, implying 
bone failure from trauma.

Limitations
One limitation of this study is the small 

sample size. Because of the small number 
of specimens, only one loading scenario was 
evaluated (pure bending), and we were not 
able to draw statistical conclusions regard-
ing the influence of age or loading direction 
on probability of fracture. Future efforts are 
needed to evaluate whether other loading con-
ditions (e.g., tension or torsional loads) or 
loading rates can generate similar fracture 
patterns. Another limitation is that bending 
tests were not performed in vivo. This pre-
vented histologic confirmation, which often 
depends on the reaction or healing response 
to injury (e.g., reduced trabecular density, fi-
brosis) [3]. Specimens were frozen before 
testing. Freezing has been shown to affect the 
microstructure of bone evaluated histologi-
cally [23–25]. Studies have shown that freez-
ing does not affect bone mechanical proper-
ties; however, these studies were conducted 
on adult (porcine and goat) bone tissue, and it 
is unclear whether the same holds true for the 
immature bone specimens used in this study 

[26, 27]. Additionally, because the stifle joint 
remained intact during testing, cartilage, lig-
aments, and other soft tissues were involved 
in transferring loading to the bone. It is pos-
sible that the mechanical properties of these 
tissues were affected by freezing. Structural 
and material property differences likely exist 
between immature porcine and human infant 
bones given developmental status and bipedal 
versus quadrupedal mobility at later stages of 
development. Thus, the bending moments as-
sociated with fracture measured in this study 
may not be directly applicable to human in-
fants. The larger mass and differing bone 
morphology of human infants as compared 
with the immature piglets used in this study 
suggests that fracture moments would need 
to be scaled to account for these differences 
to translate our findings. Questions remain 
regarding the similarities and differences in 
structure and material properties between hu-
man and porcine infant bone and the potential 
translation of animal model findings to hu-
mans. Last, microcomputed tomography was 
useful in this study to visualize the fractures 
and trabecular structure at high resolution. 
However, it is possible that trabecular damage 
associated with classic metaphyseal lesions 
occurred but was not visually evident at the 
20-μm resolution on all specimens. In future 
studies, histologic analysis should be included 
to examine the trabecular structure.

Conclusion
Metaphyseal fractures structurally consis-

tent with clinical classic metaphyseal lesions 
were experimentally produced in immature 
porcine pelvic limbs through application of 
controlled varus and valgus bending. Pre- 
and posttest microcomputed tomography (at 
20-μm resolution) was performed on speci-
mens to identify the presence or absence of 
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Fig. 7—Graphs plot applied bending moment versus time.
A and B, Curves show 7-day-old (A) and 3-day-old (B) porcine specimens with fracture patterns consistent with classic metaphyseal lesions (based on microcomputed 
tomography images).
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fractures. Metaphyseal fractures occurred 
within peak applied bending moments rang-
ing from 3.2 to 6.8 Nm. The majority of frac-
tures appeared on the medial aspect of the 
bone, regardless of whether varus or valgus 
loading was applied. The results of this study 
indicate that classic metaphyseal lesions are 
fractures that can result from a single loading 
event and mechanistically support a change in 
terminology from classic metaphyseal lesion 
to classic metaphyseal fracture. Future work 
will involve development of a finite element 
computer model of an immature porcine fe-
mur to determine whether other loading con-
ditions could produce a similar fracture.
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