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Abstract

Non-invasive imaging of fracture healing is a crucial step in making clinical deci-
sions for optimal outcomes and minimizing risks of fixator removal. Although or-
thogonal routine radiography remains the most cost effective imaging technique to
follow all aspects of fracture healing, it is not reliable to predict bony union or the
quality or quantity of the regenerating bone, since an estimated 40% increase in ra-
diodensity is needed to visualize a radiological change, and radiographic changes do
not always correlate to mechanical stiffness. Supplemental techniques, including dig-
ital radiography, mechanical testing for bone strength and stiffness, dual-energy X-
ray absorptiometry (DXA) for bone mineral density (BMD), quantitative computed
tomography (QCT) for density and cortical continuity, ultrasound for cyst detec-
tion and Doppler or angiography for assessing local blood flow and vascularity, have
all been used clinically. Among the methods, digital radiography is a useful, cost-
effective and relatively accurate means in the evaluation of new bone formation with
time during fracture healing. In animal models of fracture healing, histological data,
not the mechanical stiffness of the fracture, showed a positive correlation with the
digital radiographic assessment data (relative bone density). The advantages of using
digital radiography are the minimal expense and dynamic observation of the heal-
ing process through sequential radiographies. The bone-healing qualities can be as-
sessed through the estimated relative bone (mineral) density using phantoms. There
is a burning need for a quantitative measure of fracture healing in long bone fractures
treated by intramedullary nailing. As there is no prospect of a mechanical measure
due to the load-sharing design of the fracture/nail construct, radiological imaging
has to be the starting point. After normalization, calibration and registration of se-
rial images, a combination of functional images are be used to monitor the changing
mineral content of the tissues in and around the fracture; however, due to its 2D na-
ture, the digital radiographies need to be taken in a standard fashion to allow sequen-
tial comparison, and it should be used as a complementary, rather than an absolute,
measurement for fracture healing.



538 Gang Li, Mark Murnaghan

Fracture Healing Animal Model

A fracture model is a system employed to study fracture healing, which is of relevance
to human fracture healing as encountered in medical practice. The most representa-
tive (valid) model would therefore be a human fracture; however, the high validity
of a human fracture model must be balanced against poor reliability due to exten-
sive variation between cases in clinical practice. At the opposite extreme, cell cul-
ture models are much more reliable but are deficient in validity as a representation
of the whole fracture-healing process. Between these extremes lie models in various
species and sizes of animal, which offer the possibility of adequate numbers of rea-
sonably similar cases of fracture healing occurring in a whole-organism context, in
other words, a balance between reliability and validity.

Model reproducibility is essential for valid investigation and comparison of frac-
ture healing. Several small and large animal models are reported for the investigation
of fracture repair in mice (Bunn et al. 2004; Connolly et al. 2003; Li et al. 2005), rats
(Bonnarens and Einhorn 1984; Greiff 1978; Olmedo 1994), rabbits (Critchlow 1995),
sheep (Claes et al. 1998), dogs (Wu et al. 1984) and goats (Welch et al. 1998). All in-
vestigations included variation of important influences on bone repair such as the
nature of the fracture, its stability, mechanical stress environment, the fixation de-
vice applied and success of fracture reduction. Small animals, such as the mouse, are
attractive candidates for investigating bone healing, particularly for studies focused
on molecular questions, because of the availability of gene knockouts, antibodies and
gene probes (Metsaranta et al. 1991). An externally fixated murine femoral osteotomy
model has been developed, validated and used to study various aspects of fracture
healing (Bunn et al. 2004; Connolly et al. 2003; Li et al. 2005; Murnaghan et al. 2005).

Monitor Digital Radiographies in Animal Model of Fracture Healing
Standardization of Taking Digital Radiographies

In order to obtain standardized digital radiography, a standardized protocol has to
be set up for each study. For instance, we used Faxitron MX-20 digital radiography
system for the purposes of taking all X-rays of our animal studies (Fig. 1). Before a day
surgery was begun, the machine was turned on and calibrated by taking a series of

Figure 1. Faxitron
M20 digital radiogra-
phy system
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Figure 2a,b. a X-ray jig for mouse fracture model. b Mouse with external fixator and the X-ray
jig immediately before digital radiography being taken

Figure 3. Standardization of the
X-ray position. The phantom and
jig is held flat to the plate using an
overlying weight and a crosshair
laser is used to centre the area
of interest such that a repeat-
able film may be obtained and
comparisons between subsequent
pictures is possible

eight X-rays (26kV, 10ms) to ensure normalization of exposure of radiation. At the
end of the surgical procedure (or following induction of a light general anaesthesia
for X-rays taken from day 4 onwards), an X-ray jig (Fig. 2) was attached to the cross
bar through the two perpendicular portals. This jig contained an aluminium step
phantom and allowed for normalization of X-ray penetration between animals and
across time points. It also controlled for rotation in all planes, therefore enabling
comparison of changes at the fracture within animals.

For taking the X-ray, the animal is carefully placed prone inside the X-ray com-
partment with its left leg held flexed and in external rotation such that a lateral
radiograph of the femur can be taken. The phantom and jig are held flat to the plate
using an overlying weight and a crosshair laser is used to centre the area of interest
such that a repeatable film may be obtained and comparisons between subsequent
pictures can be possible (Fig. 3). The distance from the beam to the plate remains
the same throughout the experiment (e.g. 12cm), and X-rays are taken using a fixed
set of exposure setting, such as 24KPa for 3s for the mouse. Digital X-rays are then
saved in the source computer in the operating theatre as raw data files (*.dat).

Analysing Digital Radiographies

The raw data files of the digital radiographies are subsequently analysed using the
freely available image analysis software from the University of Texas Health Science
Centre San Antonio Dental School (http://ddsdx.uthscsa.edu/). Following several
pilot studies into methods of analysis of the data, two standardized techniques are
employed for analysing all X-rays. Both methods use the assumption that increas-
ing bone density equates to an increase in pixel density on the radiographs. In each
method the bone density at the fracture gap is measured and changes at the site com-
pared across time points and also across drug groups.

The first method is referred to as the “line method” Three parallel lines, 75 pixels
in length and centred on the fracture gap, are drawn parallel to the axis of the femoral
shaft (Fig. 4). A mean value for each of the 75 points along the femur is calculated
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Figure 4a,b. Mouse femoral fracture digital X-rays shows lines for density analysis at day 0 (a)
and day 32 (b) following fracture

from the three lines (Fig. 5a,b). The variances in pixel density of the femur as you
pass proximally to distally can then be assessed and plotted as a line graph of pixel
density against distance. The 75-pixel length is then divided into three equal 25-pixel
sections comprising areas of “normal” bone adjacent to the fracture both proximally
and distally alongside a 25-pixel length comprising the fracture gap itself (Fig. 5¢).
The mean pixel density of the adjacent areas of bone is calculated (solid line) and the

Figure 5a-d. Line plots of density measurement from a raw data file of digital radiography at
day 0 of fracture (a) and at day 32 post-fracture (b). ¢ The 75-pixel length is then divided into
three equal 25-pixel sections comprising the areas of “normal” bone adjacent to the fracture
both proximally and distally alongside a 25-pixel length comprising the fracture gap itself (ar-
row). d The mean pixel density of the adjacent areas of bone is calculated (solid line) and the
difference to this mean (dotted line) for the central section comprising the fracture gap is then
calculated from the area under the curve (shaded area, arrow)
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Figure 6a,b. Density assessment is referred to as the “area method” a Boxed area represents

fracture gap at day 0 of fracture. b The boxed area represents fracture gap at day 32 following
fracture

difference to this mean (dotted line) for the central section comprising the fracture
gap is then calculated from the AUC (shaded area) in Fig. 5d. A comparison can be
made as to how the bone content at the fracture gap changes over time. Initially, there
is relatively less bone content at the fracture gap, but this becomes positive as callus
is laid down during the repair process.

The second method of density assessment is referred to as the “area method” and
is performed by measuring the mean pixel density of bone at the fracture gap itself
(Fig. 6). Using the image analysis software the mean pixel density of a standardized
rectangle centred over the fracture gap approximately 0.5mm in diameter and ex-
tending to the inner edge of the cortices is measured. Alterations in bone density
due to variances in X-ray exposure are accounted for by standardization to the alu-
minium phantom attached to the X-ray jig. The line method also utilizes an internal
method of standardization as changes in density are presented as a ratio to the nor-
mal femur such that any changes in X-ray exposure will affect both the fracture gap
and adjacent normal bone equally.

Reliability of the Digital Radiography Measurement

The intra-observer correlation analysis for the digital radiographic analysis has sug-
gested that the mechanisms of deriving data values and the subsequent analysis of
those values are highly repeatable with very low levels of intra-observer errors being
observed. By using two independently derived variables across each of the outcome
measures [digital X-ray, AUC and region of interest (ROI)]; biomechanical testing,
peak loads and stiffness), we have been able to correlate the results both within each
outcome measure (i.e. peak load with stiffness; AUC with ROI; Fig. 7a) and across
outcome measures (i.e. AUC with histology, AUC with rigidity, etc.; Fig. 7b,c). It has
demonstrated that these outcomes correlate very well with strong positive correla-
tions seen both within each of the outcomes (illustrated are ROI with AUC; Fig. 7a);
however, there are no significant associations between the day-24 X-ray and biome-
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Figure 7a—c.a Comparisons made
between the two methods of
radiological assessments, i.e. the
area under the curve (AUC)
and region of interest (ROI)
modalities. To assess this, the
maximum change in pixel den-
sity from day 0 for each modality
is used. Scatter plot of data from
AUC and ROI analysis shows

a strong correlation between
the two methods. b At day 32,
there is a significant correlation
noted between the histology
scores and relative fracture den-
sity measured from the digital
radiographies (Spearman’s cor-
relation; R = 0.626; p = 0.013).c¢
Correlations across radiological
and biomechanical data pro-
duced few statistically significant
results. There are no significant
associations between the day-
24 X-ray and biomechanical
data. At day 32, however, there
is a strong negative association
between the AUC X-ray data
and the stiffness of the femurs
(Spearman test: R = —0.687;
p=0.010)
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chanical data. At day 32, however, interestingly there is a strong negative associa-
tion between the AUC X-ray data and the stiffness of the femurs (Spearman test:
R = -0.687; p = 0.010). The validity of the radiological outcomes used in demon-
strating real changes across the fracture gap density between the control and experi-
mental fracture animals (Fig. 8). The technique is capable of differentiating between
the changes in the fracture gap density between the two groups of animals, it is also
sensitive enough to identify the more subtle decrease in the sham-group density pro-
file (Fig. 8).

Clinical Considerations of Digital Radiography Analysis

Clinical Needs

Orthopaedic surgery has great need of objective and quantitative measures of frac-
ture healing, especially in the reputedly unsolved tibial shaft fracture (Aronson and
Shin 2003). In intramedullary nailed fractures stiffness measurements are not pos-
sible, which leaves radiological assessment as the only realistic way to monitor the
progress of healing. Our pilot study has evaluated the bone mineral density (BMD)
of test samples by using digital X-ray images which have been calibrated with a hy-
droxyapatite reference phantom. Our results compare favourably to results on the
same test samples evaluated by DXA, the current gold standard of BMD evaluation.
We have also performed preliminary analysis of serial images of nailed tibial frac-
tures that have progressed to union (Fig. 9). The use of imaging phantoms is a com-
mon method of evaluating image quality in the clinical setting. These evaluations rely
on a subjective decision by a human observer with respect to the faintest detectable
signal(s) in the image. Because of the variable and subjective nature of the human-
observer scores, the evaluations manifest a lack of precision and a potential for bias.
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Figure 9a-c. Serial digital radiographies obtained from a tibial fracture patient with standard-
ised X-ray jig over a 3-month period (a-c), showing the progress of fracture healing. A1 — C1
close-ups of the fracture gap in a-c

The advantage of digital imaging systems with their inherent digital data provides
the opportunity to use techniques that do not rely on human-observer decisions and
thresholds (Gagne et al. 2003, 2006).

Considerations for Clinical Applications

In clinical practice, before the serial digital radiographies can be used for compar-
ison purposes, the digital images have to be calibrated, normalized and registered.
Image registration may be achieved firstly by standardizing the geometry during ac-
quisition of the image using a position control device (Fig. 10), and subsequently by
using computer algorithms to match the images to subpixel accuracy. There are still
some technical challenges ahead, such as scatter removal via deconvolution and soft
tissue removal with beam-hardening correction. Deconvolution is the mathematical
process that allows reconstruction of the desired image from the actual radiograph.
Once the registration of the image series is completed, the resultant serial images are
analysed using functional imaging, morphological description, and 3D reconstruc-
tion from two orthogonal views. There is ongoing work in this filed to perfect and
standardize the techniques before they can be applied reliably (Gagne et al. 2003;
Hazelwood and Burton 2006; Siewerdsen et al. 2006). Nevertheless, animal work has
proved that digital radiography can be used as a tool for monitoring fracture healing.
Due to the 2D nature of radiography, digital radiographies need to be taken in a stan-
dard fashion to allow meaningful sequential comparison, and the facilities for digital
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Figure 10. X-ray jig (solid arrow)
is applied to control the standard
position of the limb for taking
X-ray, and settings on the jig (for
the limb position and angles) are
recorded for each patient and
used at subsequent visits. Hy-
droxyapatite phantoms (shaded
arrow) are placed on the digital
X-ray cassette for measuring rel-
ative density

radiography follow-up of human fracture healing must be developed with an expe-
rienced radiologist, and it is only recommended where this possibility exists. Finally,
in animal models of fracture healing, histological data, not the mechanical stiffness
of the fracture, show a positive correlation with the digital radiographic assessment
data (relative bone density), suggesting that the radiographies shall always be used as
a complementary tool in conjunction with clinical and other means of assessment of
fracture healing.

Conclusion

Digital radiography is a useful, cost-effective and relatively accurate means of evalu-
ating and following new bone formation during fracture healing. It allows continu-
ous assessment of the healing process through sequential radiographies. In animal
models of fracture healing, histological data, but not the mechanical stiffness of the
fracture, showed a positive correlation with the digital radiographic assessment data
such as relative bone density. The bone-healing qualities can be assessed through
the estimated relative bone (mineral) density using phantoms; however, due to its
2D nature, the digital radiographies need to be taken in a standard fashion to allow
sequential comparison, and it should be used as a complementary? rather than an
absolute?measurement for fracture healing.
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