Assessment of Bone Healing
During Antegrade Intramedullary
Rod Femur Lengthening Using
Radiographic Pixel Density

Abstract

Introduction: Premature full weight bearing after femur lengthening
can lead to implant failure, telescopic nail shortening, and regenerate
fracture. This study aimed at performing a retrospective analysis of the
correlation between pixel density ratio (PDR) calculations and clinical
readiness for weight bearing in patients undergoing intramedullary
nail-mediated femoral distraction osteogenesis.

Methods: Thirty-two patients who underwent antegrade femur
lengthening were included in this study. The PDR was calculated on femur
radiographs in a picture archiving and communication system for each
cortex (ie, medial, lateral, anterior, and posterior) at each postoperative
visit. These values were then correlated with subjective evaluation of bone
healing by the treating physician with expertise in bone lengthening.
Results: Bone regenerate healing was clinically declared by the treating
surgeons (S.R.R. and A.T.F.) at a mean of 8.5 weeks (range, 4 to 18
weeks). No implant failure, nail shortening, or regenerate fracture was
observed. The overall mean PDR corresponding to clinical bone healing
was 0.90, which was significantly (P < 0.001) greater than the mean
value at the previous visit (0.82), when the bone was not clinically
declared to be healed. The PDR increased in all cortices at all
postoperative visits.

Conclusions: The findings of the present study suggest that there
may be a correlation between the PDR and clinical bone healing. This
observational pilot study should be followed by additional studies to
understand the relationship between the PDR and bony union.
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medullary (IM) rods for femur
lengthening is quickly gaining in
popularity. IM rods decrease the high
complication rates of pin track in-
fections, joint stiffness contractures
due to tethering of the muscles by
the pins, and large pin track scars
that occur with external fixators.!»?
Weight bearing must be limited
during distraction as per the device’s
biomechanical testing and the man-

of the challenges that orthopaedic
surgeons face is the decision as to
when a bone has sufficiently healed
to allow a patient to begin bearing
weight fully. The main tool used to
assess bone healing in clinical prac-
tice today is standard radiography in
two planes, which is commonly
chosen because it is widely available
and inexpensive. The presence of
three of four continuous cortices at
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least 2 mm thick on AP and lateral
radiographs is a commonly cited
criterion for the removal of the
external fixator.? This method of
identifying three of four cortices is
most applicable to lengthening with
external fixation and not necessarily
applicable to the use of a lengthening
nail. Furthermore, identification of
cortices on radiographs is subjective
and surgeon dependent, and the
variation in the assessment of the
number of cortices present is slightly
better than chance.*’

Various indirect quantitative meth-
ods, including dual-energy x-ray ab-
sorptiometry (DEXA) and quantitative
CT (QCT), have been explored and
evaluated as feasible options for as-
sessing bone healing after distraction
osteogenesis. Although they expose
patients to less radiation, these meth-
ods have various pitfalls, including
inability to assess for bone alignment
and implant integrity, high cost, and
less accessibility.

There is a need for a quick, inex-
pensive, reproducible, and simple
quantitative method to help ortho-
paedic surgeons determine when it is
appropriate to allow patients to bear
weight after distraction osteogenesis
using an IM rod. The pixel density
ratio (PDR) method may provide a
more accurate means for assessing
the regenerate bone healing after
distraction osteogenesis than the
subjective evaluation of the cortical
bridging method. Authors who have
assessed the PDR method have eval-
uated only the method for bone
healing of the tibia after application
of an external fixator.®” Studies have
shown that the PDR method has low
interobserver variability and high

intraobserver reproducibility and
that this method is a useful way to
indicate callus stiffness to judge bone
healing.®” Some authors have shown
that pixel density (PD) is an effective
method in determining when to re-
move an external fixator after dis-
traction osteogenesis of the tibia, but
little is known on its efficacy in
determining bone healing after dis-
traction osteogenesis of the femur
using an IM rod.%” The goal of the
present study was to correlate PDR
values and clinical readiness for
weight bearing in patients undergo-
ing femur lengthening with an ante-
grade motorized IM nail. The
authors hypothesize that the PDR
will correlate with progressive bone
healing, and there will be a notable
threshold above which patients will
be allowed to safely bear full weight.

Methods

An institutional review board-
approved retrospective study was
conducted on 32 consecutive pa-
tients who underwent antegrade
femur lengthening using a motorized
IM rod from February 2012 to May
2015 at the Icahn School of Medicine
at Mount Sinai. We excluded all
patients who did not meet the mini-
mum requirement of 1-year follow-
up. Indications for limb lengthening
included congenital in 26 patients
(81%) (short stature in 6 patients,
hence 12 femurs) and posttraumatic
leg-length discrepancy in 6 patients
(19%). Twenty-two (69%) were
men, and 10 (31%) were women. The
mean age was 26 years (range, 12 to
52 years). The mean amount of

lengthening was 41.7 mm (range, 20
to 70 mm). The mean bony union time
was 8.5 weeks (range, 4 to 18 weeks)
and was based on the surgeon’s ex-
perience. Serial, non—-weight bearing,
two-view 36-inch radiographs of the
femur (performed at 3 feet from the
patient and with the use of a 1-inch
magnification marker) were assessed
by a single operator starting at the
completion of lengthening (week 0).
The pixel densities of the lateral and
medial cortices were measured on
AP radiographs, and the anterior and
posterior cortices were measured on
lateral radiographs. All four cortices
were measured for each patient at
every postoperative visit. These val-
ues were then compared with the
adjacent 2 cm of original bone just
distal to the regenerate site (Figure 1).

Any picture archiving and com-
munication system provides a tool to
measure the PD on the radiographs.
Typically, this tool is labeled as
“ROI” (region of interest). Once the
tool has been selected, the operator
will need to delineate the regenerate
bone being studied (ie, medial, lat-
eral, anterior, and posterior) with
multiple mouse clicks. To avoid
compromising the ultimate PD value,
it is crucial not to incorporate any
part of the metal rod in the region of
interest. The same applies to the
adjacent bone and to the area outside
the regenerate site. The use of mul-
tiple mouse clicks will allow one to
accurately select the area of interest.
The delineation of the bone regen-
erate will ultimately provide a PD
value. The next step is to perform the
same measurement on the adjacent
distal 2 cm of bone (not including the
regenerate). The reason to use the
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Radiographs showing pixel density value measurement at the regenerate site
(left) and original bone (right).

distal bone as opposed to the prox-
imal bone is that, at the beginning of
the data collection, the authors
noticed that in several cases, the
shadow of the buttocks or the geni-
tals would overlap in the said area,
affecting PD. The ratio of the bone
regenerate PD to the adjacent bone
PD was then calculated on an Excel
spreadsheet. This calculation was
made for each of the four regenerate
bone sides.

The PD in picture archiving and
communication system was auto-

matically calculated by the software
by the following formula:

PD = Q0 + 1024/(Lx [u1
T1+ p2-T2))

where PD = pixel density of the region
of interest; Q0 = pixel value of back-
ground; L = latitude value of imaging
plate; w1 = linear attenuation coeffi-
cient of bony tissue (per centimeter);
T1 = thickness of bony tissue (in
centimeters); 2 = linear attenuation

coefficient of soft tissue (per centi-
meter); and T2 = thickness of soft
tissue.3?

The PDR was calculated using the
following formula:

PDR = pixel density regenerate
site/pixel density adjacent
distal cortex

and subsequently correlated with the
subjective assessment of bone healing
by one of the senior authors.
Postoperatively, the patients were
allowed partial weight bearing based
on the IM rod manufacturer’s recom-
mendations. This depends on the size
of the nail implanted: 8.5, 10.7, and
12.5 mm nails can bear a maximum of
30, 50, and 70 Ibs, respectively. Only
when sufficient bone healing was
subjectively observed by the treating
physician was the patient allowed to
progress to full weight bearing.
Descriptive analysis of the study
population included mean values and
ranges to characterize continuous var-
iables and frequencies and percentages
for discrete variables. Paired z-tests
were used to compare the average
PDR value at the time of diagnosed
healing versus the average PDR value
at the immediate time point prior.
Independent sample Student #-tests
were used to evaluate any differences
in patient or clinical factors in PDR at
the time of bone healing. General
linear modeling techniques were used
to describe the change in the PDR
over time from the end of the dis-
traction period and to determine
whether any patient or clinical char-
acteristics may have affected that
change over time. All analyses were
done using SPSS version 22.0 (IBM).

Results

The mean distraction was 41.7 mm
(range, 20 to 70 mm). Bone regener-
ate healing was clinically declared by
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Table 1

Mean PDR of Lateral, Medial,
Anterior, and Posterior Cortices at
8.5 Weeks

Cortex PDR
Lateral 0.84
Medial 0.89
Anterior 0.92
Posterior 0.98

PDR = pixel density ratio

the treating surgeon at mean 8.5
weeks (range, 4 to 18 weeks). The
mean PDR at bone healing was 0.84
at the lateral cortex (range, 0.81 to
0.84), 0.89 at the medial cortex
(range, 0.84 to 0.93), 0.92 at the
anterior cortex (range, 0.89 to 0.96),
and 0.98 at the posterior cortex
(range, 0.94 to 1.02) (Table 1). The
overall mean PDR corresponding to
clinical bone healing was 0.90
(range, 0.88 to 0.92), which was
significantly (P < 0.001) greater
than the mean value at the previous
clinic visit (mean, 0.82; range, 0.77
to 0.84), when the bone was not
clinically declared to be healed
(Figure 2). The PDR at bone healing
was not associated with patient sex,
age, laterality, or distraction length
(Table 2).

Discussion

Until recently, external fixation for
limb lengthening represented the
most effective means of lengthening
bone. Over the past two decades,
however, the introduction of internal
lengthening rods has signified an ex-
traordinary innovation in the field of
limb lengthening. IM rods decrease
the high complication rates of pin
track infections, joint stiffness, con-
tractures due to tethering of the mus-
cles by the pins, and large pin track
scars, which can occur with external
fixators.!»?
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Graph showing changes in the PDR of the regenerate bone after the end of the
distraction period. PDR = pixel density ratio

Distraction osteogenesis accom-
plished with an external fixator
allows a patient to fully weight
bear, whereas distraction osteo-
genesis using an IM rod limits
weight bearing until sufficient bone
healing is observed. However, of
cautionary note for the latter
treatment method, a premature
declaration of bone healing may
lead to failure of the implants (Fig-
ure 3).

The main tool to assess bone
healing in clinical practice today is
standard radiography in two planes
because it is widely available,
inexpensive, and allows a surgeon
to monitor bone alignment and
implant integrity. The presence of
three of four continuous cortices
that are at least 2 mm thick on AP
and lateral radiographs is a com-
monly cited criterion for the
removal of the external fixator after
distraction osteogenesis.>1? Anand
et al* found interobserver rate
agreement to be less than half
between all involved orthopaedic
surgeons, supporting the observa-
tion that assessment of bone heal-
ing by this radiographic method is
subjective.*!1 Starr et al’ investigated
the reliability of using radiographs as

Table 2

Association Between the PDR at
Bone Healing and Patient
Characteristics

Patient Characteristic P value
PDR and sex <0.001
PDR and age <0.05

PDR and laterality <0.001

PDR and distraction length <0.05

PDR = pixel density ratio

a method to assess bone healing
and determined that the variation in
the assessment of the number of
cortices was slightly better than
chance. The authors concluded that
low refracture rates after removal
of an external fixator may be more
an indicator of clinical judgment by
experienced practitioners than the
accuracy of using radiographic eval-
uation.>!! It is not clear whether the
traditional method of analyzing the
presence of three of four cortices is
applicable to the internal lengthening
nail.

Various  indirect  quantitative
methods, including ultrasonography
(US), DEXA, and QCT, have been
explored as potential options for

September 15, 2018, Vol 26, No 18

e391

Copyright © the American Academy of Orthopaedic Surgeons. Unauthorized reproduction of this article is prohibited.




Assessment of Bone Healing

Radiograph showing failure of the
implant after premature declaration
of bone healing.

assessing bone healing after distrac-
tion osteogenesis. Studies have
shown that US cannot differentiate
changes in bone stiffness and strength
after a certain point during heal-
ing.!1-12 In addition, because most of
the energy of US is transmitted
through soft tissue, variable amounts
of soft tissue overlying the bone may
lead to fluctuations in measure-
ments.'>13 DEXA is expensive and
does not allow for assessment of
alignment and implant integrity.
Although US and DEXA provide
valuable information about the dis-
tribution and quantity of new bone
formed during limb lengthening,
Eyres et al'? found that the high-
resolution images of radiography
were useful in the detection of small
cortical defects, which were not

identified by the other imaging
techniques. QCT may have the
unique advantage of providing high-
resolution images of the healing bone
while providing quantitative analy-
sis. Babatunde et al'! report that the
major disadvantages of QCT are its
limited availability, high cost, and
relatively higher radiation exposure
to patients.

Radiographic pixel values
pressed as PDR indicate ossification
or calcification of bone. Although the
pixel value is not absolute, the rela-
tive pixel value of the distraction site
compared with the pixel value of the
original bone may provide informa-
tion regarding biological steps of
bone gap healing® (Figure 4). The
PDR at each of the four cortices
essentially monitors the maturation
of the regenerate by comparing its
density—in pixels—to that of the
adjacent native bone.

The relative pixel value ratios at
the declared time of clinical bone
healing were >0.89 in three of the
four cortices. The average PDR of
0.90 may represent the circumfer-
ential bone density after distraction
osteogenesis. Treating surgeons
may use this value as a method to
monitor regenerate maturation and
as a guide to decide for full weight
bearing. The PDR can be used alone
or as an adjunct to the subjective
method of deciding whether the
bone is healed based on multiple
bridging cortices. In addition, we
found that the PDR associated with
clinical bone healing was not
affected by patient sex, age, later-
ality, or distraction length. A value
of 0.90 may be used as a guide for
bone healing for a broad range of
patients irrespective of age, sex, and
amount of lengthening.

We recognize that our study has
several limitations. This study relies
on visualization and it is potentially
misleading. The authors did not
measure or test the mechanical envi-
ronment suitable for weight bearing.

€X-

Other limitations include the retro-
spective nature of the study, the lack
of a control group, and the relatively
small cohort size. The use of the
adjacent healthy bone whose PD was
calculated may have potentially
affected the results as it may have
been affected by disuse osteopenia.
Perhaps the contralateral femur
should have been measured, but this
would have led to higher costs and
exposure to radiation. However, it is
not clear whether creating a ratio
with contralateral bone would be
superior. The radiographic technique
may differ from side to side, and
contralateral radiographs were not
routinely done. This may be an idea
for a future study. Another limitation
is that the surgeons may have been
too conservative with respect to al-
lowing full weight bearing. Conse-
quently, even lower PDR may
correspond to safe full weight bear-
ing. Another limitation is the fact that
despite E.V.’s recommendation to
partially or to fully bear weight,
there were no means to identify how
much weight each patient effectively
put on the surgical extremity. A
weight-bearing monitoring device
would be ideal to account for this.

There is no doubt that stronger
nails may become available that may
allow earlier weight bearing with
different risks of implant failure. For
the time being, the only titanium
telescopic nail available in the United
States is the one discussed in this
article. The findings in the present
study should assist, not replace, clin-
ical judgment. When a stronger nail is
developed, the mechanics and timing
of bone healing and full weight
bearing will likely change. It will be
an opportunity to study the PDR in
the new setting and see if and how it
changes.

The findings of this pilot observa-
tional study introduce the PDR as a
possible objective aid that may be used
to monitor bone healing. The PDR is
a rapid, objective, inexpensive, and
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Radiographs showing progression of bone healing of the medial cortex from week 3 to 12 months from the end of distraction.

PDR = pixel density ratio

simple method for the detection of
bone density changes in distraction
osteogenesis of the femur using
a specific antegrade IM rod. This
method may assist less experienced
surgeons and serve as a valuable
aid to senior orthopaedic surgeons
in unclear cases. Furthermore, the
PDR may be used as an objective
measurement in clinical research,
increasing measurement uniformity.
Future studies should focus on as-
sessing the intra- and inter-reliability
of the method, in addition to more
rigorous methodology to establish a
threshold value for bone healing.
Multicenter studies will help achieve

more scientifically sound conclusions
as to the objective assessment of bone
healing and its correlation with
weight-bearing status in the setting of
internal bone lengthening. Further-
more, the introduction to the market
of newer and stronger nails will pre-
sentan opportunity to test the validity
of the PDR method with different
implants. The PDR may be implant-
specific or perhaps universal. This
remains to be seen. The methodology
may be used as a standardized mea-
surement of bone regenerate healing,
which may help limb-lengthening
surgeons to report results and com-
municate more effectively.
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