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Abstract

Background Studies have shown that the fracture plane of
the classic metaphyseal lesion (CML) of infant abuse occurs
in the region of the primary spongiosa, encompassing a
radiodense fracture fragment customarily referred to as the
“zone of provisional calcification” or ZPC. However, the
zone of provisional calcification is defined differently in
the pathology and the imaging literature, potentially imped-
ing efforts to understand the fundamental morphological
features of the classic metaphyseal lesion.

Objective We systematically correlated micro-CT data with
histology in piglets to explore the differing definitions of the
zone of provisional calcification and to elucidate the ana-
tomical basis for divergent definitions.

Materials and methods The distal tibias of five normal fetal
piglets were studied postmortem. The specimens were
resected and imaged with digital radiography (50 pum reso-
lution) and micro-CT (45 pum?® isotropic resolution). Image
processing techniques were applied to the micro-CT data for
visualization and data analysis. The resected tissue speci-
mens were then processed routinely and the light microscop-
ic features were correlated with the imaging findings.
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Results The longitudinal dimension of the radiologic zone of
provisional calcification is greater than the histological ZPC,
and these dimensions are statistically distinct (P<0.0002).
The radiologic zone of provisional calcification consists of
two adjoining mineralized discoid regions that span the
chondro-osseous junction—a thick discoid region that en-
compasses the densest region of the primary spongiosa, and
a thin discoid region (corresponding to the histological ZPC)
that is situated in the base of the physis adjacent to the
metaphysis.

Conclusion The correlation of the normal histology and
micro-CT appearance of this dynamic and complex region
provides an anatomical foundation upon which a deeper
appreciation of the morphology of the classic metaphyseal
lesion can be built.

Keywords Histology - Zone of provisional calcification -
Micro-computed tomography - Animal study - Metaphysis -
Bone

Introduction

The classic metaphyseal lesion (CML) is a high-specificity
indicator of infant abuse [1-3]. Studies employing radiologic-
pathological correlates have shown that the CML fracture
plane extends through the metaphyseal primary spongiosa,
with the fracture separating a fragment that includes the
juxtaphyseal radiodense band referred to as the zone of pro-
visional calcification (ZPC) [1, 4, 5]. However, descriptions of
the relationship between the classic metaphyseal lesion and
the zone of provisional calcification have been confounded by
the discordant definitions of the ZPC in the pathology and the
imaging literature.

Histologically the zone of provisional calcification is
traditionally defined as the region encompassing the terminal
chondrocytes and their surrounding calcified matrix within
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the lower portion of the physis [6, 7]. Although the longitu-
dinal dimension of this 3- to 5-cell-thick zone is below
the resolution capabilities of conventional radiography,
the term zone of provisional calcification has also been
used radiographically to describe a sharply defined, trans-
verse radiodense band at the chondro-osseous junction [8, 9].
Laor and Jaramillo [10] characterized the zone of provisional
calcification on MRI as a thin, hypointense curvilinear band at
the chondro-osseous junction. It is evident that the radiologic
and histological conceptions of the zone of provisional calci-
fication are at odds because they refer to regions at the
chondro-osseous junction that differ significantly in longitu-
dinal dimension—a discrepancy that has not been fully rec-
onciled in the literature.

One of the primary challenges in clarifying this difference
lies in accurately correlating the macroscopic conventional
radiographic findings to the corresponding microscopic
structure defined histologically. Micro-CT permits the acqui-
sition of high-resolution volumetric data that can be accu-
rately registered with corresponding histological sections.
The purpose of this study was to systematically correlate
the 3-D micro-CT data with the corresponding histology in
the fetal piglet to document the discordant radiologic and
histological dimensions of the zone of provisional calcifica-
tion and to elucidate the anatomical basis for these divergent
definitions.

Materials and methods

This study was granted exempt status by the institutional
review board and animal care and use committee because
of the use of commercially available frozen deceased
fetal pigs.

The fetal piglet was chosen for this study because of the
morphological similarities of some of its osseous structures
to those of the human infant [11, 12]. Ten distal tibias (5
right and 5 left) of five deceased frozen near-term mix-
breed fetal piglets (Pel-Freez Biologicals, Rogers, AR),
weighing 435-680 g (average 516 g), were resected after
thawing to room temperature. Initially the specimens were
imaged with 50-um resolution digital radiography to es-
tablish normal morphology and to exclude gross postmor-
tem artifacts, including those that might have been incurred
during the freezing and thawing process. The specimens
were then studied with micro-CT and subsequent histology
and specific histomorphometry.

Micro-CT image acquisition

After standard phantom calibration, each specimen was
scanned with micro-CT (Siemens MicroCAT II, Knoxville,

TN) using the following parameters: 45 kV, 500 pA and
4,000 ms exposure time. To increase the signal-to-noise ratio,
2 x 2 detector binning was chosen; it results in an isotropic
resolution of 45 um>. Modified Feldkamp algorithm was used
for the data reconstruction. Using off-the-shelf computational
and visualization software including MATLAB (MathWorks,
Natick, MA) and ScanlIP (Simpleware Ltd., Exeter, UK),
various image processing techniques—including image en-
hancement and de-noising, semi-automated segmentation,
multi-planar reformation, and volumetric and surface
renderings—were applied to the micro-CT data for 3-D visu-
alization and data analysis.

Histological preparation

The resected tissue specimens were routinely fixed in for-
malin, decalcified and imbedded in paraffin. The blocks
were sectioned at 5 um with a microtome in the coronal
plane, and the slides were stained with hematoxylin and
eosin.

Image correlation and alignment

To correlate the micro-CT data with the histological find-
ings from the ten specimens, the micro-CT images were
spatially aligned to the histological sections. That is, for
each histological-radiologic image pair, a single mid-
coronal histological section in the xz-plane was first
chosen per tissue sample. A corresponding coronal
reformatted micro-CT image in the xz-plane that best re-
sembled the histological section was then selected and
visually aligned to the chosen histological section based
on 2-D rigid alignment of the in-plane parameters (x-, z-
translations, and yaw). If this resulting 2-D alignment was
unsatisfactory, the out-of-plane alignment parameters (y-
translation, pitch and roll) for the micro-CT volumetric
data were adjusted, and a new coronal reformatted micro-
CT image that best resembled the histological section was
again selected in the xz-plane. This iterative alignment
process was systematically repeated until a satisfactory align-
ment was observed. Typically more than 50 iterations were
required to align an image pair. To speed up this com-
putationally intensive alignment process, we employed a
standard multi-resolution approach where both the histo-
logical section and micro-CT reformatted image were
first down-sampled (typically by a factor of 8) to reduce
the data size for alignment. The strategy was to use low-
resolution representations of the histological and micro-
CT reformatted images to obtain a satisfactory initial
alignment (which is fast because of the small data size)
and then progressively refine this alignment as the reso-
lution of the images was increased (typically by a factor
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of 2 with each refinement step). Using this multi-
resolution approach the number of iterations required
for satisfactory alignment was typically less than 20;
the iterations (except for the last few) were faster be-
cause of the smaller data size.

Radiologic and histological ZPC thickness measurements

To analyse the difference in longitudinal thickness between
the radiologic and histological zones of provisional calcifica-
tion, we obtained paired ZPC thickness measurements—
one corresponding to the histological zone and the other
corresponding to the radiologic zone. For the histological
ZPC thickness, a pathologist measured the distance
spanned by the terminal hypertrophic chondrocytes within
the more basophilic-staining cartilage-cell columns in the
lower portion of the physis. For the radiologic ZPC thick-
ness, a radiologist measured the thickness of the homoge-
neous radiodense band that traverses the chondro-osseous
junction. The margins of this radiodense band were deter-
mined subjectively by the radiologist based on visible
change in the apparent radiodensity of this band. For each
micro-CT-histology image pair, four equally spaced
paired ZPC thickness measurements were taken across
the chondro-osseous junction, along an axis that
paralleled the longitudinal axis of the cartilage-cell col-
umns of the physis and the trabeculae of the metaphyseal
primary spongiosa. Measurements taken in this fashion
generated a total of 40 histological-radiologic ZPC data
pairs. Three piglet data pairs were inadequate technically
because of histological artifacts and therefore the final
sample included only 37/40 data sets.

Statistical analyses

Because the histological and radiologic measurements
were not obtained at precisely the same spatial locations,
the data vectors (4 x 1) from each side were randomly
sorted, and correlations between the two sides were esti-
mated using the Spearman rank correlation coefficient.
These correlations varied significantly, both for distinct
random data reshuffling (within individual sides) for the
same piglet (typically p<0.1) and between piglets (in the
range 0.02-0.8). Given the low correlations between sides,
measurements from each side were treated as independent
vectors. Consequently ten vectors of four measurements of
histological ZPC were compared to ten vectors of four
measurements of radiologic ZPC. The data in each vector
were non-normally distributed and thus the non-parametric
Wilcoxon rank sum test was used in these comparisons.
The small sample size only allowed simple statistical
comparisons.
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To address the inter-observer variability of the ZPC
thickness measurements, a second set of paired ZPC thick-
ness measurements was obtained from two additional
readers (one estimated a second set of radiologic ZPCs
and the other estimated a second set of histological ZPCs).
The primary and secondary readers were blinded to each
other’s specific measurements. However, the secondary
readers were aware of the general results of the study.
The secondary set of measurements was compared to the
initial paired ZPC thickness data to assess the inter-
observer agreement. Given the non-normal distribution of
these data and a monotonic, but not necessarily linear,
relationship between each set of measurements (histologi-
cal or radiologic), the Spearman rank correlation coeffi-
cient was used to quantify the data correlation within each
set.

Results
Review of normal histological anatomy

During endochondral ossification and bone growth, the
chondrocytes of the physis are arranged in spiral columns
paralleling the longitudinal axis of the bone. This multi-
layer cartilaginous component of the physis is subdivided
into three parallel histological zones based on morphology
and function: reserve, proliferative and hypertrophic
(Fig. 1) [13-15]. The reserve zone, also known as the
resting zone, is closest to the epiphysis. The proliferative
and hypertrophic zones are the sites of active cartilage cell
division and maturation, respectively. The hypertrophic
zone can be further subdivided into the zones of matura-
tion, degeneration and provisional calcification [13, 14].
As noted, the 3- to 5-cell-thick zone of provisional calcifi-
cation abuts the metaphyseal primary spongiosa. The struts
of calcified cartilage formed from the histological zone of
provisional calcification extend into the metaphysis and
provide scaffolding upon which bone is deposited to form
the primary spongiosa.

Spatial correlation analysis

The radiologic zone of provisional calcification is the homoge-
neous radiodense band at the chondro-osseous junction evident
on both radiography and micro-CT (Fig. 2). It is a smooth,
discoid-shape structure that extends along the chondro-osseous
junction spanning the interface of the physis and the primary
spongiosa. Spatial correlative analysis using composites from
micro-CT and histological data (Fig. 3) demonstrates that most
of the radiologic zone of provisional calcification correlates
spatially to the newly formed metaphyseal primary spongiosa,



Pediatr Radiol (2013) 43:1606-1614

_epiphyseal cartilage

Fig. 1 Histological anatomy of the left distal tibial chondro-osseous
junction in a fetal piglet. a The cells of the physeal cartilage are
arranged in spiral columns paralleling the longitudinal axis of the bone
and are subdivided into layering histological zones—hypertrophic,
proliferative and reserve zones. The terminal 3—5 hypertrophic
chondrocytes compose the histological zone of provisional calcifica-
tion, the lower-most portion of the hypertrophic zone that abuts the
metaphysis. The hypertrophic chondrocytes within the histological
zone of provisional calcification are located adjacent to the developing
medullary cavity (* in b). Note that the histological zone of provisional
calcification is only a small component of the radiologic zone of

which is composed predominately of calcified cartilage. When
fused with the histology, the radiologic zone of provisional
calcification corresponds to the hypertrophic chondrocyte zone,
where the cartilage matrix is provisionally calcified, then con-
tinues on into the metaphysis. The radiologic zone of provi-
sional calcification is thus a junctional zone whose homoge-
neous opacity reflects the mineral content of the calcified
cartilage of both the hypertrophic zone of the physis and the
adjacent immature primary spongiosa that consists mainly of
calcified cartilage. The relatively distinct transition from the

provisional calcification. b Magnified view (7.7%) of the boxed area
in (a) details the histological zone of provisional calcification,
encompassing the terminal hypertrophic chondrocytes and the sur-
rounding calcified cartilage matrix. The calcified cartilage matrix stains
more basophilic than the non-mineralized cartilage of the less mature
chondrocytes of the upper hypertrophic zone. These calcified cartilage
septa continue into the metaphysis and form the scaffolding upon which
the bone of the primary spongiosa is deposited. Note that the calcified
cartilage-containing trabeculae (cartilage-rich zone of primary
spongiosa) are most dense in the region immediately abutting the
physis. ZPC zone of provisional calcification

radiologic zone of provisional calcification to the remainder of
the primary spongiosa derives from resorption of calcified
cartilage with abrupt thinning of overall trabecular density
and expansion of the marrow space.

Radiologic versus histological ZPC thickness measurements
An example of an aligned pairing of histological and radio-

logic zone of provisional calcification is shown in Fig. 4. The
checkerboard composites illustrate the relatively accurate

Fig. 2 Radiologic zone of provisional calcification of the left distal
tibia in a fetal piglet. a Specimen radiograph shows the juxtaphyseal
transverse, radiodense band corresponding to the radiologic zone of
provisional calcification. b Coronal micro-CT reformatted images dem-
onstrate the homogeneous density of the radiologic zone of provisional

calcification. ¢ Peel-away surface rendering of the distal tibia, with
superimposed coronal micro-CT reformatted image, illustrates the ra-
diologic zone of provisional calcification and its spatial relationship to
the outer surface of the distal tibia. ZPC zone of provisional
calcification

@ Springer



1610

Pediatr Radiol (2013) 43:1606-1614

?1
radiologic

Fig. 3 Micro-CT and histological anatomy of the left distal tibial
chondro-osseous junction in a fetal piglet. a Composite shows the
micro-CT reformatted image from the mid to lateral portion of the distal
tibia overlaid on the corresponding coronal histological section, dem-
onstrating the spatial relationship of the physis and the metaphysis with
respect to the radiologic zone of provisional calcification. b Magnified

rigid alignment between the histological section and the
micro-CT reformatted image (Fig. 4). Figure 5 illustrates
one of the four paired radiologic and histological ZPC thick-
ness measurements in a single tissue sample.

A scatter plot of histological versus radiologic ZPC thick-
ness measurements is shown in Fig. 6. Visually the random
spatial pattern of these paired data points suggests that the two
groups of data—the histological and radiologic ZPC thickness
measurements—are uncorrelated. These histological and ra-
diologic ZPC thickness measurements demonstrate a wide
range, which is largely a result of the inherent variability of
these structures as well as the uncertainty associated with the
boundaries of the zone of provisional calcification. The

Fig. 4 An example of the
alignment between a
histological section and a micro-
CT reformatted image. A mid-
coronal histological section
through the distal tibia (a) is
shown next to the matching
coronal micro-CT reformatted
image (b). ¢ Checkerboard
composite demonstrates the
alignment between the
histological section (a) and the
micro-CT reformatted image
(b). d Superimposed colour
outlines are used to demarcate
the outer bony cortex (dark
blue) and radiologic zone of
provisional calcification
(vellow), illustrating the
alignment between histology
and micro-CT
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view (7.2x) of the boxed area in (a) shows that most of the radiologic
zone of provisional calcification corresponds spatially to the most outer
reaches of the metaphyseal primary spongiosa, where the densely
packed calcified longitudinal septa and surrounding newly mineralized
osteoid account for the discrete opacity of the radiologic zone of
provisional calcification. ZPC zone of provisional calcification

median thickness measurement value from each of the ten
paired data sets is chosen as the statistic (instead of the mean)
because the data are not normally distributed. Figure 7 shows
the box plot of these data, graphically depicting these two data
groups—histological versus radiologic ZPC thickness. The
average of these median radiologic ZPC thicknesses was
340 um, while the average of these median histological ZPC
thicknesses was 92 um. Based on the non-parametric com-
parisons of these data, radiologic and histological ZPC were
statistically distinct (P<0.0002).

The correlation between radiologic ZPC thickness mea-
surements was moderate (p=0.62, with P<0.001). Simi-
larly the correlation between histological ZPC thickness
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Fig. 5 An example of a paired histological-radiologic ZPC thickness
measurement. a A mid-coronal micro-CT reformatted image through
the distal tibial chondro-osseous junction demonstrates that radiologic
ZPC thickness is approximately 451 um. b A paired histological image,
accompanied by a high-power magnified view (9.3x) of the boxed area,
contrasts the 100-pm longitudinal dimension of the histological zone of
provisional calcification (solid caliper) with the overlaid 451-pum ra-
diologic zone of provisional calcification dimension (dashed caliper).
Note that the proximal margin of the radiologic zone of provisional
calcification correlates spatially to the region where the population of
the calcified longitudinal septa/trabeculae is abruptly thinned (white
line) with a corresponding expansion of the intervening marrow ele-
ments (¥). ZPC zone of provisional calcification

measurements was moderate (p=0.43, with P=0.008).
Thus there is statistically significant but moderate inter-
observer agreement for both radiologic and histological
ZPC data.

Discussion

The histological zone of provisional calcification has its
origins in the pathology literature and received considerable
attention in the early studies of rickets [16, 17]. McLean and
Bloom [7] drew attention to a description of the histological
ZPC in Muller’s [18] classic 19th-century study of the pa-
thology of rickets. The histological zone of provisional

calcification, which Muller [18] also called the “zone of
preparatory calcification,” is composed of the 3—5 hypertro-
phic chondrocytes within the ends of the cartilage-cells col-
umns [6, 7]. As a point of comparison, the overall histolog-
ical ZPC thickness in rats has been shown to be approxi-
mately 100 um [6], which is consistent with the histological
ZPC thickness measurements obtained in our piglet study.

The hypertrophic chondrocytes within the histological
zone of provisional calcification are adjacent to the develop-
ing medullary cavity and play a key role in normal cartilage
calcification and subsequent endochondral ossification. Spe-
cifically these chondrocytes induce calcification within the
longitudinal septa separating the cartilage-cell columns with-
in the cartilage matrix [19]. The mechanism of cartilage
calcification, as mediated by matrix vesicles secreted by
these terminal hypertrophic chondrocytes, was not discov-
ered until much later, however [20].

The primary function of the histological zone of provi-
sional calcification is to provide structural integrity and
strength to the junction between cartilage and bone. Specif-
ically this bridge or scaffolding enables the bone to bear
weight during periods of growth [7]. Much of the calcified
cartilage within the histological zone of provisional calcifi-
cation (~60%) is subsequently resorbed in the process of
enchondral ossification and construction of the primary
spongiosa [21, 22]. It is important to note that the resulting
struts of calcified cartilage determine the architectural blue-
print for the subsequent formation of bony trabeculae [23].

In contrast, the radiologic zone of provisional calcifica-
tion customarily refers to a continuous radiodense band
spanning the chondro-osseous junction, as seen radiograph-
ically. In Caftey’s 1st edition of Pediatric X-Ray Diagnosis
published in 1945, he wrote the following regarding the zone
of provisional calcification: “The calcified cartilaginous disk
interposed between the shaft and the epiphysis casts a trans-
verse band of increased density across the end of the shaft”
[8]. This description was supported by an accompanying
figure that depicts this sharply defined radiodense band at
the chondro-osseous junction of an infant tibia ([8], p 558,
Fig. 508). Curiously four pages later a cartoon illustration of
the microscopic anatomy of the chondro-osseous junction
depicts the zone of provisional calcification as a structure 2—
3 cell layers in thickness ([8], p 562, Fig. 511). Caffey’s
contemporaneous but divergent views of the zone of provi-
sional calcification illustrate the confusion that has long
existed regarding the discordant radiologic and histological
descriptions of the ZPC.

Oestreich [9] estimated the thickness of the zone of provi-
sional calcification to be less than 1 mm radiographically,
which is consistent with our findings. The conspicuity of the
radiologic zone of provisional calcification varies as a func-
tion of the background bony density. The morphological
changes associated with this zone play crucial diagnostic roles
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Fig. 6 Scatter plot of the initial

Scatter Plot of Radiclogic Versus Histologic ZPC Thickness Measurements
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in a number of metabolic disorders including rickets, lead
poisoning and scurvy. In rickets, specifically, there is dimin-
ished density and fraying of the radiologic zone of provisional
calcification [24]. In lead poisoning the radiologic zone of
provisional calcification is broadened with increased density
[25]. In scurvy the radiologic zone of provisional calcification
is thickened, resulting in a dense metaphyseal line (white line
of Frankel) [26].

Although radiologic and histological ZPC are both used to
denote a flat discoid region at the chondro-osseous junction, the
thickness and spatial span of each differ significantly. The histo-

Fig. 7 Box-plot of the median

Histologic ZPC Thickness (um)

logical zone of provisional calcification is evident as a 3- to 5-cell
layer of terminal hypertrophic chondrocytes—approximately
100 pm—below the resolution of most conventional radiogra-
phy, CT or MRI. In contrast the radiologic zone of provisional
calcification is a substantially thicker discoid structure that is
clearly visible on conventional radiography [8, 9] as well as MRI
[10]. As a consequence of this discrepancy in thickness, the
spatial span of radiologic and histological ZPC along the
chondro-osseous junction differs, as well.

The histological zone of provisional calcification is a struc-
ture strictly contained within the physis, but it abuts the

Boxplot of Median Radiologic and Histologic ZPC Thickness Measurements
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adjoining metaphyseal primary spongiosa. In contrast the
radiologic zone of provisional calcification is a union of the
histological ZPC with a much thicker discoid metaphyseal
component. This latter region harbors the primary spongiosa
and is composed of predominantly cartilaginous longitudinal
trabeculae/struts that are thick and dense. We designate this
component the “cartilage rich zone of the primary spongiosa.”
Gerstenfeld and Shapiro [27] noted that the radiologic zone of
provisional calcification is the collective sum of the calcified
part of the hypertrophic zone as well as the neighbouring
portion of the metaphyseal primary spongiosa where bone is
deposited in progressively increasing amounts upon the sur-
faces of the cores of calcified cartilage. Our study confirms
their observations using quantitative spatially registered his-
tological and micro-CT correlation.

The radiologic zone of provisional calcification has rela-
tively homogeneous opacity because it reflects the union of
two regions of similar density but differing dimensions: (1) a
very thin discoid region composed of a calcified cartilage
matrix that surrounds the terminal chondrocytes in the hyper-
trophic zone (i.e. the histological zone of provisional calcifi-
cation), and (2) a much thicker discoid region composed of the
cartilage-rich zone of the primary spongiosa—this region
accounts for the majority of the radiodensity of radiologic
zone of provisional calcification. Because the thickness of
the calcified hypertrophic zone (i.e. the histological ZPC)
reflects only the modest longitudinal dimensions of 3—5 ter-
minal hypertrophied chondrocytes, nearly all (depending up-
on detector element size) of the radiodensity of the radiologic
zone of provisional calcification is derived from the adjacent
portions of the primary spongiosa. Although the trabeculae of
the newest primary spongiosa are lined by bone, it is their
calcified cartilaginous cores, derived from the hypertrophic
zone, that likely produce the homogeneous radiodensity of the
zone of provisional calcification. This band of opacity con-
trasts against the adjacent radiolucent physis and the more
mature primary spongiosa, where the number of trabeculae
has abruptly decreased, the calcified cartilage scaffolding has
been substantially reduced and replaced by bone, and the
medullary cavity has expanded.

Both the histological and radiologic ZPC share the com-
mon cartilaginous matrix that has been calcified. However,
this mineralization only occurs in the physis—the mineralized
cartilage of the metaphysis (the cartilage-rich zone) is derived
in its entirety from the physis [7]. It is unlikely that the
confusion in the use of the term ZPC to describe these two
different but overlapping anatomical regions will be easily
resolved. Some pathologists and anatomists use the term
“zone of calcified cartilage” of the hypertrophic zone of physis
to describe the histological ZPC [20, 28]. This term may be
preferable to the zone of provisional calcification because it
permits a necessary distinction to be made from the radiologic
ZPC, a zone that lies predominantly within the metaphysis.

The primary advantage of the micro-CT in the setting of
radiologic ZPC imaging is its ability to accurately capture
intricate sectional anatomical bony detail previously inferred
from standard radiography. Additionally the global perspective
offered by 3-D reconstruction in our study is useful in charac-
terizing the regional anatomy of the radiologic ZPC and sim-
plifying its complex spatial relationships.

There are a few limitations to this study. First, the near-
term fetal piglets were chosen because their osseous struc-
tures (with little or no ossification of the distal tibial epiph-
ysis) are closer in morphology to young infants than are term
piglets. As such, the conclusions drawn from this paper may
not be applicable to older infants and children. However, the
inferences from this model should be valid for young infants,
the age group in which classic metaphyseal lesions are most
common. Furthermore, our study is limited by the small
sample size; however, the differences between the histolog-
ical and radiologic ZPC longitudinal dimensions, and the
anatomical basis for these differences, are readily apparent.
Also the spatial alignment between the histological section
and its corresponding micro-CT reformatted image is chal-
lenging and is further complicated by the non-rigid distortion
of the histological specimen following decalcification and
microtome sectioning. As such, the alignment results are
close but not exact. However, because the difference in the
longitudinal dimensions of the radiologic and histological
ZPC is so large, the effects of this minor misalignment are
unlikely to alter the principle findings of the study. Finally,
the additional set of readers used to assess the inter-observer
variability of the data might have been biased by prior
general knowledge of the results of the original reads. How-
ever, both individuals were blinded to specific measurements
obtained by the two original readers.

Caffey alluded to the zone of provisional calcification in his
1957 descriptions of the corner fracture and bucket handle
metaphyseal patterns in maltreated infants, and subsequent
studies have emphasized that this anatomical region is an
important component of the classic metaphyseal lesion fracture
fragment [1, 8]. However, the precise relationship of the
metaphyseal fracture line to the zone of provisional calcifica-
tion has not been well studied. A correlation between the
normal histology and micro-CT appearance of this dynamic
and complex region provides a 3-D anatomical substrate upon
which a deeper appreciation of the morphology of the
classic metaphyseal lesion can be built. The abrupt decrease
in trabecular density at the interface between the calcified
cartilage-rich and more mature zones of the primary spongiosa
might provide a clue to the pattern of trabecular failure present
with the classic metaphyseal lesion, and this possibility should
be explored with similar histological and micro-CT correlations
in both normal infant metaphyses and in those with the classic
metaphyseal lesions. Furthermore, an understanding of the
normal anatomy, structural components and material properties
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of biological tissues is fundamental to finite element modeling,
and this knowledge might facilitate studies to elucidate the
biomechanics of this strong indicator of infant abuse.
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