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ARTICLE INFO ABSTRACT

Introduction: High-resolution peripheral quantitative computed tomography (HR-pQCT) has enabled us to ob-
serve changes of bone microstructure during fracture healing. However, a method of analyzing the healing
process after osteosynthesis has yet to be established due to implant artifacts. The purpose of this study was to
investigate the effects of volar locking plates for distal radius fractures on the image quality of HR-pQCT.
Methods: Four different types of plates for distal radius fractures were evaluated. The scan region of HR-pQCT
was the center of each plate, not including the screw insertion sites.

To assess plate-generated noise, each plate was fixed to the top of a water-filled rubber glove, scanned by HR-
PQCT, and the signal-to-noise ratio (SNR) of the region under the plates was calculated. To investigate accuracy,
12 cadaveric radii with and without each plate were scanned by HR-pQCT, and differences between the mea-
sured values with and without the plate were evaluated. Differences between the measurements of the entire
circumference and of the dorsal third of the radius were also compared. Reproducibility of the in vivo mea-
surement was investigated by repeated scans of 10 patients with distal radius fractures who had undergone
surgery with a volar locking plate.

Results: The SNR was significantly higher away from the plate than immediately below the plate. Percentage
differences of the measurement values between with and without the plate were 1.4%-3.2% for cortical bone
mineral density (Ct.BMD) and 7.2%-9.8% for cortical bone thickness (Ct.Th) when the entire circumference was
measured. When the dorsal third was measured, they were 0.3%-1.7% for Ct.BMD and 1.8%-2.7% for Ct.Th.
The root-mean-square coefficient of variation (RMS%CV) was 1.12% for Ct.BMD and 4.18% for Ct.Th.
Conclusions: The accuracy and reproducibility of cortical bone measurements with a volar locking plate on HR-
PQCT were acceptable when the dorsal third of the Ct.BMD was analyzed, and this method would be useful for in
vivo analysis of the fracture healing process after osteosynthesis.
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1. Introduction clinical computed tomography (CT). However, plain X-rays provide

two-dimensional images that do not enable detailed analysis of fracture

Fracture healing consists of inflammatory, repair, and remodeling
phases [1]. In the inflammatory phase, growth factor migration and
capillary angiogenesis occur. In the repair phase, membranous ossifi-
cation and endochondral ossification cause soft callus followed by hard
callus formation. In the remodeling phase, natural correction takes
place. Previous basic studies of these fracture healing processes have
been performed using animal models, with no in vivo analyses in hu-
mans.

Fracture healing of patients can be evaluated by plain X-rays and

healing. Clinical CT enables three-dimensional evaluation, but it can
only provide the macrostructure of the cortical bone at the fracture site
due to its limited resolution.

High-resolution peripheral quantitative CT (HR-pQCT) is a quanti-
tative CT method for human extremities that provides the highest
available resolution (voxel size 61 um) of any clinical imaging mod-
alities [2-4]. Previously, analysis of human bone microstructure in vivo
had required sample collection by invasive techniques such as bone
biopsy, which could not be used for longitudinal observations over
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Fig. 1. There are severe metal artifacts at the screw insertion site (A), but these artifacts are not so severe at the center of the plate where no screw is present (B).

time. The advent of HR-pQCT has enabled observation of the changes of
human bone microstructure in vivo over time with low radiation ex-
posure.

In previous studies by HR-pQCT, the healing process of distal radius
fractures under conservative treatment was observed [5,6]. It has been
thought that CT analysis after surgical treatment with implants is
challenging due to metal artifacts [7]. Thus, a method of analyzing the
healing process after osteosynthesis by HR-pQCT has yet to be estab-
lished.

In preliminary experiments, we found that severe metal artifacts
were present in bone at screw insertion areas (Fig. 1A), but that images
of sufficient quality for observation were obtained from areas without
screws (Fig. 1B).

In this study, the effects of volar locking plates on the HR-pQCT
images were investigated, with the aim of establishing a method of
analyzing the postoperative fracture healing process in vivo.

2. Methods

Four types of volar locking plates used for distal radius fractures
that have a high share of the American, European, and Japanese mar-
kets were investigated (Fig. 2). These were the Acu-Loc2® Standard
Volar Distal Radius Plate (Acumed, Hillsboro, OR, USA) (thickness:
2 mm; composition: Ti6Al4V); the DVR® Anatomic Volar Plating System
(Biomet Inc., Warsaw, IN, USA) (thickness 2.5 mm; composition:
Ti6Al4V); the Stellar2® (HOYA Technosurgical Corporation, Tokyo,
Japan) (thickness: 2.1 mm; composition: Ti6Al4V); and the Variable
Angle LCP® Two-Column Volar Distal Radius Plate 2.4 (Depuy Synthes
GmbH, Oberdorf, Switzerland) (thickness: 2 mm, composition: pure ti-
tanium).

2.1. Signal-to-noise ratio (SNR)

First, the noise generated by the plates was evaluated. Each plate
was fixed on top of a water-filled rubber glove and scanned by HR-
pQCT (Xtreme CT II, Scanco Medical, Briittisellen, Switzerland) (Fig. 3).
The scan region was 10 mm of the center of the plate that extended
proximally from the most proximal point on the distal locking screw
hole (Fig. 4). The scan parameters were as follows: voxel size 60.7 um,
effective energy 60 kVp, tube current 1470 pA, integration time 43 ms,
scanning time 2 min, and effective dose 5 pSv.

Using the images, regions of interest (ROI) were set to
10mm x 20 mm X 10 mm immediately below the plate (ROI-1) and at
a distance of 10 mm from the plate (ROI-2) (Fig. 3). The signal-to-noise
ratio (SNR) was calculated by dividing the mean signal value inside the
ROI by its standard deviation. Each plate was scanned five times, and
the mean SNR values were compared with those of control images
scanned without the plate.

2.2. Accuracy analysis by cadaveric bone

The effects of the plates on the accuracy of cortical bone measure-
ments were then investigated. Twelve cadaveric radii (all right radii
from women aged 61-78 years, mean age 71.7 *+ 4.3 years) were
prepared from the collection of the Department of Macroscopic
Anatomy in our facility. The study was approved by our facility's ethics
committee (approval number: 15033076).

Each plate was placed in the optimum position on the volar side of
the distal radius (Fig. 4). The optimum position was determined based
on the plate design and anatomical shape of the radius, such as the
pronator fossa and watershed line, and the plates were fixed to the
bones with sticky jelly. A 10-mm region extending proximally from the
most proximal point of the distal locking screw hole was scanned with

Acu-Loc2 DVR Stellar2 VA-TCP

Standard Volar Anatomic Plate Distal Radius

Radius Plate Plate
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Composition |Ti6Al4V Ti6Al4V Ti6Al4V Titanium
Thickness 2 mm 2.5 mm 2.1 mm 2 mm
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Fig. 2. Volar locking plates for distal radius fractures investigated in this study.
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Fig. 3. Each plate is placed on top of a water balloon and scanned by HR-pQCT. ROIs (10 mm X 20 mm X 10 mm) are set immediately below the plate (ROI-1) and at

a distance of 10 mm (ROI-2), and their SNRs are compared.
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Without
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VA-TCP
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Fig. 4. Each plate is placed in the optimum position on a cadaveric bone, and an area extending 10 mm from the most proximal point of the distal locking hole was
scanned by HR-pQCT. The values measured with and without the plate are compared, as are those measured when either the entire circumference of the radius or the

dorsal third is isolated.

the same scan parameters as those used in the SNR experiment (Fig. 4),
after which the plate was removed, and the same area was scanned
again. Each of the four types of plates was scanned on each of the 12
cadaveric radii (4 X 2 X 12 = 96 scans).

Cortical bone measurements were performed for two regions (Fig. 4,
right). First, cortical bone mineral density (Ct.BMD) and cortical
thickness (Ct.Th) were measured for the entire circumference of the
distal radius based on the manufacturer-provided standard analysis
(Image Processing Language, Scanco Medical). Then, the dorsal third of
the cortical bone was isolated, and its Ct.BMD and Ct.Th were measured
(TRI/3D-BON: Ratoc System Engineering Co., Ltd., Tokyo, Japan). BMD
was calculated from a calibration curve generated using a bone density
phantom (Scanco Medical AG). The threshold value for binarization in
the analysis of Ct.Th was set to 450 mg/cm®, according to the manu-
facturer-provided standard analysis.

2.3. Reproducibility of in vivo measurements

Reproducibility was then evaluated in actual patients (Fig. 5). The
subjects were 10 patients with distal radius fractures who had under-
gone osteosynthesis with a variable angle two-column plate (VA-TCP)
in the Department of Orthopaedic Surgery (3 men and 7 women; age
21-74 years, mean age 53.9 * 14.8 years; 4 fractures of the right arm
and 6 of the left arm). The study was approved by our hospital's clinical
research ethics committee (approval number: 16031418), and informed
consent was obtained from the participants.
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HR-pQCT scanning was performed with the same scan parameters
and at the same scan site as those used in the cadaver experiment, twice
without repositioning (Fig. 5), and Ct.BMD and Ct.Th at the dorsal third
of the cortical bone were measured.

To measure precisely the same region in the two different scans,
measurements were performed as below: 1) two images were matched
three-dimensionally; 2) the dorsal third of the cortical bone was ex-
tracted; 3) upper and lower 10% (total 20%) heights of the cortical
bone were excluded; and 4) Ct.BMD and Ct.Th were measured at the
middle 80% region.

2.4. Statistical analysis

A paired t-test was used for comparisons between ROI-1 and ROI-2
in the SNR experiments, and Tukey-Kramer's honestly significant dif-
ference (HSD) test was used for comparisons between control and
plates, with p < 0.01 regarded as significant (JMP® Pro 13, SAS
Institute Inc., Cary, NC, USA).

In the cadaver study, percentage differences in values measured
with and without the plates were calculated, and the rates when the
entire circumference of the radius was measured were compared with
those when only the dorsal third was isolated and measured. A mixed
effects model was used for statistical analysis, with p < 0.01 regarded
as significant (JMP® Pro 13, SAS Institute Inc., Cary, NC, USA).

In the in vivo precision study, reproducibility was evaluated using
the root-mean-square coefficient of variation (RMS%CV) [8]. RMS%CV
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Fig. 5. Patients with a distal radius fracture treated with a volar locking plate (VA-TCP) were scanned by HR-pQCT twice, with the BMD and thickness measured at
the dorsal third of the cortical bone.

Table 1
SNR at ROI-1 and ROI-2 in each plate.
Control Acu-Loc2 DVR Stellar2 VA-TCP
43.3 = 0.7 ROI-1 33.4 = 0.7%* 349 + 1.5* 32.3 = 0.8** 33.3 = 0.7%*
ROI-2 39.6 = 0.5** 41.5 = 1.1* §7 40.5 = 0.3** §f 39.9 = 0.9%*
Comparison between the control and each plate using Tukey-Kramer's HSD test. *p < 0.01, **p < 0.001.
Comparison between ROI-1 and ROI-2 using a paired t-test. ip < 0.001.
Table 2
Measurement values with and without each plate and their percentage differences.
Whole 1/3 dorsal P value
Without plate With plate % Without plate With plate %
Ct.BMD Acu-Loc2 979.7 £ 49.8 990.5 + 46.5 +1.4 936.5 + 34.7 928.0 = 49.5 -1.3 0.82
(mg/cm3) DVR 957.2 = 82,5 961.9 = 52.5 +3.2 906.8 + 72.3 913.9 + 59.5 +1.7 0.54
Stellar2 985.9 + 55.1 1014.6 + 49.5 +3.1 940.0 + 35.2 940.3 + 36.7 +0.3 < 0.01
VA-TCP 998.8 = 47.5 992.8 + 44.5 -1.9 947.3 + 32.8 944.1 = 33.9 -0.4 < 0.01
Ct.Th Acu-Loc2 0.79 = 0.10 0.86 = 0.10 +8.3 0.63 = 0.07 0.64 = 0.07 +2.7 < 0.001
(mm) DVR 0.79 = 0.09 0.84 = 0.09 +8.5 0.61 = 0.07 0.62 = 0.07 +1.8 < 0.001
Stellar2 0.80 = 0.09 0.88 = 0.09 +9.8 0.63 = 0.07 0.65 = 0.06 +2.6 < 0.001
VA-TCP 0.82 = 0.09 0.88 = 0.09 +7.2 0.66 = 0.07 0.67 = 0.06 +2.3 < 0.001

Ct.BMD: cortical bone mineral density, Ct.Th: cortical thickness.

Comparison of the percent differences between the whole circumference and the 1/3 dorsal region using mixed effect model.

was calculated using the following formula.

RMS%CV = \/l z (100 * SD/mean)?
n

3. Results

Table 1 shows the results of the SNR analysis using a water-filled
rubber glove with a plate (Fig. 3). The SNR was significantly lower at
the ROIs in each plate than the control value. For every plate, the SNR
at ROI-2, located away from the plate, was significantly higher than
that at ROI-1, located close to the plate.

Table 2 shows the percentage changes of cortical bone measure-
ments with and without the plate on the cadaveric distal radii (Fig. 4).
When the entire circumference of the radius was analyzed, the per-
centage change in measurements was 1.4%-3.2% for Ct.BMD and
7.2%-9.8% for Ct.Th. When the dorsal third was isolated and analyzed,
the percentage change was only 0.3%-1.7% for Ct.BMD and 1.8%-2.7%
for Ct.Th.

There was no significant difference in the percentage differences of
the measured values due to each type of plate, but the difference was
larger for Ct.Th than for Ct.BMD. When the dorsal third of the radius
was analyzed, the percentage change was significantly smaller than that
for the entire circumference of the radius.
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Examining the reproducibility of in vivo cortical bone measure-
ments, the mean Ct.BMD measured in the dorsal third of the radius
bones of 10 patients with distal radius fractures was
816.4 + 111.1 mg/cm3 (689.5-988 mg/cms), and the mean Ct.Th was
0.83 = 0.35mm (0.01-1.37 mm); the RMS%CV was 1.12% for Ct. BMD
and 4.18% for Ct.Th.

Fig. 6 shows a case with a distal radial fracture treated with a volar
locking plate (VA-TCP). An increase of cortical BMD of the fracture site
at the dorsal cortical bone can be observed by the repeated scans and
measurements after osteosynthesis.

4. Discussion

In the present study, the effects of volar locking plates for distal
radius fractures on HR-pQCT image quality were investigated.

The plates scanned in this study consisted of either titanium or a
titanium alloy (Fig. 2). Titanium shows lower X-ray absorbance and is
reportedly less likely to cause metal artifacts than is stainless steel,
which was formerly used as an implant material [9,10]. The results of
the present study indicated that artifacts had less effect in ROIs located
away from the plate (Tables 1, 2). If the entire circumference is ana-
lyzed, the ROI in cortical bone on the volar side will include the area
immediately below the plate, which is severely affected by metal
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Fig. 6. A patient with a distal radius fracture treated with a volar locking plate (VA-TCP) was periodically scanned by HR-pQCT. Cortical BMD at the dorsal fracture

site increases gradually with time.

artifacts, resulting in a greater difference in the measured value of
cortical bone thickness in particular.

De Jong et al. wrapped 15 cadaver radial bones with a plaster-of-
Paris or a fiberglass cast, scanned them with HR-pQCT, and investigated
the effect of the cast material on HR-pQCT measurements [11]. They
found that the percentage differences in measurements were —5.1% for
Ct.BMD and —9.8% for Ct.Th with the plaster-of-Paris cast and —0.9%
for Ct.BMD and —1.6% for Ct.Th with the fiberglass cast.

De Jong et al. also performed a pilot study using a single fresh
frozen forearm with plates of three different materials [carbon-fiber-
reinforced poly-ether-ether-ketone (CFR-PEEK), Ti6Al4V, and
Ti6Al7Nb], scanned them with HR-pQCT, and analyzed their effects on
the bone microstructure parameters of the entire circumference of the
radius [12]. The percentage differences due to CFR-PEEK were —1.6%
for Ct.BMD and —3.2% for Ct.Th, those due to Ti6Al4V were +19.6%
for Ct. BMD and +27.2% for Ct.Th, and those due to Ti6Al7Nb were
—0.3% for Ct.BMD and +0.7% for Ct.Th. Although CFR-PEEK is
commercially available in Europe and North America, it is not yet
marketed in Japan, meaning that it is not yet possible to carry out
studies of this implant in this country. A comparison of accuracy for
Ti6Al4V, which was also used in this study, suggested that our method
of isolating and analyzing the dorsal third of the bone is more accurate
than analyzing the entire circumference.

Reproducibility was good for Ct.BMD, for which the RMS%CV was
1.13%, suggesting that this method may be usable in clinical studies
analyzing the fracture healing process. On the other hand, RMS%CV of
Ct.Th was 4.18%, showing that in vivo analysis of the cortical bone
microstructure is still challenging.

De Jong et al. also carried out an investigation of reproducibility by
fitting 16 healthy human volunteers with fiberglass casts and per-
forming HR-pQCT scanning. The RMS-CV was 0.47% for Ct.BMD and
0.90% for Ct.Th. In a study of CFR-PEEK, Ti6Al4V, and Ti6Al7Nb plates
attached to a single fresh frozen forearm, the RMS%CV was 1.48% for
Ct.BMD and 1.55% for Ct.Th with the CFR-PEEK plate, 1.13% for
Ct.BMD and 1.65% for Ct.Th with the Ti6Al4V plate, and 0.06% for
Ct.BMD and 0.00% for Ct.Th with the Ti6Al7Nb plate. The reproduci-
bility of Ct.BMD in the present study was thus acceptable compared
with those previous studies.
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4.1. Limitations

This study had several limitations. The first was that scanning could
only be carried out at the center of the plate, and the presence of screws
prevented evaluation of the distal region where major fractures are
located (Fig. 1). This method is only for use in studies of fracture
healing, and it cannot be used for the clinical evaluation of synostosis.
Second, the evaluation site proposed in the present study was only the
dorsal third of the cortical bone (Fig. 4). Evaluation of the cortical bone
around the metal plate was not recommended to avoid inaccurate
measurement. Third, because the cadaveric bone and the osteoporosis
patients in this study contained very little trabecular bone at the
scanned site (Fig. 4), trabecular bone parameters could not be verified.
Lastly, each experiment included only a small number of subjects.

5. Conclusions

The effects of volar locking plates on HR-pQCT images were in-
vestigated to establish an in vivo analysis method of the fracture healing
process after surgical treatment. The accuracy and reproducibility of
our method of evaluating the dorsal third of Ct.BMD were within ac-
ceptable limits, making this method useful for analyzing the fracture
healing process after osteosynthesis.
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