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Abstract:

Aluminum Equivalent (AL equivalent) image system was developed to measure the
bone mineral content in mandible using conventional dental radiography, intraoral digi-
tal dental radiography and panoramic radiography by one shot dual energy subtraction
method. Z-score was used as evaluation of bone changes, because of variation of normal
mandibular bone of AL equivalent values by age, gender and region.

For clinical application, Z-score was taken to evaluate of periapical bone changes
after root canal treatment, bone changes in the around of implant, bone changes in eld-
erly subjects, and bone changes of end stage of renal diseases. Furthermore, for applica-
tion of animal experiments, AL-equivalent values were used to evaluate the effect of
microgravity to the vertebral growth in growing rats, and effects on the bone mineral

content by himdlimb suspension in rats.
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I. Preface

Various kinds of devices such as QCT and
DEXA have been developed to measure bone min-
eral content for medical examination and treat-
ment" *’. However, it is quite difficult to adapt
these devices to the jawbone. Therefore, dental
radiogram was used to measure the bone mineral
content in the jawbone. It is well known that
aluminum (Al) or copper (Cu) step can be
radiographed simultaneously and converted to Al
or Cu equivalent value for quantitative analysis,
which was used for densitometric measurement by

optical density scanning®*’. However, these calcu-
lations were time consumption and not practical
for clinical application.

We developed a computer-processing system®
to convert equivalent image using aluminum as a
reference for intraoral dental radiography,
intraoral digital radiography and panoramic
radiography. As the equivalent value is indicated
by X-ray attenuation according to aluminum
thickness, it provides a value corresponding to the
quantity of bone mineral content. Furthermore,
the precision of aluminum equivalent value
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obtained allows longitudinal comparison, that is, it
was able to demonstrate not the absolutely quan-
tity of bone mineral content, but relative changes.

For clinical applications, mandibular bone
changes were examined in the periapical regions,
around implants, in elderly subjects, and in renal
osteodystrophy in which was suggested in elucida-
tion on bone metabolism of VD;. In an animal
experiments, this method was used to examine the
effect of a 14 days space-flight on the vertebrae of
a rat. In further animal experiments, changes in
bone mineral content of rat femur following

suspension.

II. Fundamental study for bone mineral content

of mandible
A. System of AL Equivalent system

The aluminum equivalent imaging system
consists of dental film, TV-camera, Computer proc-
essing system and display. Data was input using a
TV system and digitized to 8 bit density. The alu-
minum equivalent value was calculated by a cubic
conversion curve to the gray level of the wedge.
Equivalent image was newly presented as the den-
sity axis using the aluminum equivalent value, and
displayed as either a black and white, or color
image (Fig.1).

Xray Film

TV Camera
(Hamamatsu C-1000)

Image Memory
(Nippon Avionics Image-3,)

Personal Computer
(NEC PC-9801M2)

|

Frame Buffer
(Sapience Superframe)

Black & White,

or Color Display

Fig. 1 Block Diagram of Al Equivalent System

B. Indicator and aluminum wedge

An aluminum wedge for reference was at-
tached to the indicator, and radiographed together
on the dental film. The shape of reference was de-
signed for easy input of the data into the computer
using a wedge instead of a step. The thickness of
the aluminum wedge varied from 0 mm to 16mm,
and set with an indicator, that was radiographed
on the dental film (Fig.2).

Fig. 2 Indicator with aluminum wedge

C. Intraoral dental radiography

Dental radiogram was used to obtain alumi-
num equivalent image. As a reference, aluminum
was adopted because it shows an attenuation coef-
ficient similar to that of bone. Film was processed
as film to the usual in an automatic developing ma-
chine (Fig.3-1).

Fig. 3-1 Dental Radiogram

A TV system (C1000, Hamamatsu Photonics)
was used for inputting of images. The TV system
is capable of high-speed input of plane data, but is
still inferior to a laser or drum scanner in noise and
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dynamic range. Therefore, digitalization is per-
formed at a resolution of 8 bits after reducing the
image noise and light source fluctuation to 1/16
(theoretical value) by 256-time digital integration
and averaging for maximum use of the film den-
sity and luminance values (Image-> Nippon Avi-
onics Co., Ltd.). The brightness data were
converted to aluminum equivalent values by pre-
paring a cubic or quadratic polynomial conversion
curve based on the data of a reference material
(aluminum) and are displayed as aluminum
equivalent images using a color scale with a frame
buffer (Super Frame, Sapience). This aluminum
equivalent value is line integral of X-ray attenua-
tion in the entire distance from the X-ray tube to
the film converted to the length of aluminum. The
range of conversion corresponds to a 0-16mm
range of aluminum thickness. What is important
here is that the values obtained are equivalents of
aluminum X mm with a dimension of square den-
sity (Fig.3-2).

Fig. 3-2 Al-Equivalent Image

1. Precision and accuracy
Equivalent values were obtained using steps of
aluminum thickness from 2 mm to 16mm. Accu-
racy and precision were 56% and 3.8% respec-
tively in this system.
2. Conversion of Al-Eq value to CaCO; (mg/cm?)
Conversion of aluminum equivalent values to
calcium carbonate values for comparison with the
results of other bone mineral measurement meth-
ods was evaluated. Urethane containing CaCO:; at

known concentrations was used as CaCO; phan-
toms for the bone mineral measurement (Kyoto
Kagaku, UCA model). Aluminum equivalent val-
ues of 9 blocks containing CaCO; at 461.2 mg/cm?®
to 939 mg/cm® were determined, and a conversion
curve of aluminum equivalent values to CaCO; val-
ues in mg/cm® was prepared. The dimension used
in this conversion was the square density (g/cm?)
obtained by multiplying the aluminum density
value by the specific gravity of aluminum (2.7g/
cm?®) or by multiplying the CaCO; density by the
thickness of the phantom block (1cm). Since the
aluminum equivalent values of the CaCO; phan-
toms included those of urethane, X-ray attenuation
by urethane was assumed to be equal to that by
soft tissue, and the conversion curve was consid-
ered to be one for the bone-soft tissue complex.
The two parameters were linearly correlated, and
the aluminum equivalent value of urethane, corre-
sponding to the matrix of bony tissue, is expressed
as the intercept on the Y axis (X =0).

B. Intraoral digital dental radiography

Recent intraoral digital dental radiography®”,
in which CCD and photostimulable fluorescent ma-
terials are used, has enabled immediate imaging
unlike conventional film radiography, facilitated
image transfer and storage by digitalization, and
reduced the exposure, and its clinical application is
attempted because of these merits. However, the
thickness of the sensor, a narrow imaging area, and
an inferior spatial resolution compared with dental
films are its disadvantages. Particularly, because
the pixel value of digital images is often linearly
related to the dose, the images give the impressions
that they have a narrow dynamic range and look
different from conventional X-ray images, which
we have been accustomed to. Also, the variation in
the tone among models of the apparatus may lead
to confusion in future. The aluminum equivalent
method provides visually satisfactory digital X-ray
images and equalizes the tone among different ap-
paratuses or film images. In the intraoral digital ra-
diographic system Dixel (MCR-1000, Morita Corp.,
Kyoto) used in this study, the sensor is a CCD
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(charge-coupled device), and the X-ray generator
is MAX-F1 (Morita Corp., Kyoto) at a tube voltage
of 60 kV, a tube current of 10 mA, and a total filtra-
tion of Al 1.5 mm and is synchronized with the elec-
tronic shutter of CCD. The pixel number of the
CCD is 400 x 600, the size of a single pixel is 48 x
48 um , and the number of tones is 256 (8 bit).
Image files are stored in magnet-optical discs. An
image file consists of a header and a data portion.
Data of the circumstances of radiography (patient
information, date, time) are recorded in the text
format in the header, and image data are recorded
in the 1 byte/pixel binary format in the data por-
tion. Image files were converted to the BMP for-
mat (standard image format) by Visual BASIC
(Microsoft Corp., USA) of Windows using a per-
sonal computer (PC9821, NEC), these images were
displayed, and the pixel values were determined.
For equivalent imaging, an Al-wedge (0-16 mm

Fig. 4-1 Dixel Imaging System

Fig.4-2 Al Equivalent Image by Dixel radiography

thick) was attached as a reference to the indicator
with a sensor (Fig.4-1, 2).

C. Panoramic radiography using energy subtrac-
tion method

Measurement of bone mineral content by
one-shot dual energy subtraction of panoramic
radiography was performed. For separating the
bone mineral content from soft tissue on pano-
ramic images, a one-shot dual energy subtraction
method® * ' was employed by using computed
radiography (CR-7000) and CR-workstation. The
tube voltage was 80KVp with Sm-filter. Cu-filter of
0.4mm thickness was set between the first and the
second imaging plate (IP). As references, aluminum
cylinders (3-12mm) and aluminum wedge (2-18mm)
which was theoretically created corresponding to
tomographic image layer were put in water phan-
tom, and set on chin-rest. The subtraction images
were evaluated by CaCO; with urethane (standard
Phantom), and compared with aluminum equiva-
lent images of dental films. Aluminum equivalents
of the CaCO,; blocks as references in water
radiographed on plane image were corresponded to
panoramic subtraction images. Aluminum equiva-
lents of CaCO; phantoms were separated form ure-
thane as soft tissue by panoramic subtraction
images. On the patient, panoramic subtraction im-
ages showed lower than dental aluminum equiva-
lent images because of soft tissue, which were
estimated about 20-30% content of soft tissue (Fig.
5-1, 2, 3, 4).
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i

Fig. 5-1 Phantom for Energy Subtraction
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Fig. 5-2 Subtraction Bone Image by Panoramic Radiography

Fig. 5-3 Subtraction Soft Tissue Image by Panoramic Radiography

y =.971x + 1.958, r2 = .82

V] 2 4 6 Br 1.0 15 14
panorama bone image

Fig.5-4 Comparison AL-Eq value between Energy subtraction image and Dental image

D. Evaluation of bone changes by aluminum regions by a range that does not exceed half the

equivalent images root length to avoid influence.
1. Data sampling area and aluminum equivalent The mean and SD of aluminum equivalent val-
values of normal mandibular bone ues in normal alveolar septum of mandibular pre-
Data sampling area was located at each alveo- molar and molar regions (Fig.6-1, 2).

lar septum of the mandibular premolar and molar
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Fig.6-2 The Mean and SD of Aluminum Equivalent Values in Alveolar Septum of
Mandibular premolar and molar regions in Normal subjects.

2. Evaluation of bone changes by Z-score

Because Al equivalent value of normal mandibular
bone changes by age, gender and region, bone
changes were evaluated by normalization to the Z-
score in the normal group. Z-score is calculated fol-
lowing a numerical formula. As the fundamental
criterion for evaluation of bone changes, Z-score is
based on +2 SD.

Sample Al-Eq — Ave. AL-Eq (normal)
SD of Ave. AL-Eq (normal)

Z-score =

IIL. Clinical application
A. Periapical bone changes after root canal treat-
ment

Periapical bone changes are usually observed
as normal, radiolucent or radiopaque areas on ra-
diograms. Here, differences between such macro-
scopic findings and equivalent image
compared. Furthermore, those relations to the con-
dition of root canal fillings were examined.
Periapical bone changes on radiograms were com-
pared to analysis of Z-score of aluminum equiva-
lent images. There were 1370 teeth used for
evaluation. Bone changes of the root apices were
divided into 3 groups by radiographic findings as
normal, radiolucent or radiopaque. Al equivalent
values were obtained from a sampling area at each
root apex and evaluated by the Z-score from a nor-
mal root apex (Fig.7-1). Findings were divided

were
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Fig. 7-1 Periapical Bone Changes after root canal treatment

Root canal therapy Group

Z-score X-ray findings
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Fig.7-2 Difference of Evaluation between Z-score and
X-ray findings at Periapical Regions

into below -2, between -2 and 2, and over 2.
Lytic bone changes at the root apex were
found in 17.4% by film findings and in 5.6% by Z-
score. However, condensing osteitis was found in
46.3% on macroscopic findings, and in 35.5% by
Z-score (Fig.7-2). These differences are considered
due to a differences in the base density of the film
causing evaluations of macroscopic findings from
each other. Next, the relation to the condition of
root canal fillings was examined to determine
whether the condition of the root canal filling influ-
enced the surrounding periapical bone. Radio-
grams were divided into 3 groups consisting of the
complete root canal filling, the incomplete filling
and the poor root canal filling based on the condi-
tion of the root canal filling. The results showed
no relation to the condition of the root canal filling

Fig. 7-3 Evaluation of Bone Changes by Z-score due to
the Condition of Canal Filling

in this series. Since there are many factors that
influence bone changes such as time course after
fillings, there dose not seem to be any simple
conclusion (Fig.7-3).

B. Evaluation of bone changes of around im-
plants'’

Implants have become common in dentistry
and are now often performed. It is important to
evaluate bone changes between the implant and its
peripheral bone structure, which were used by ra-
diograms. Here, bone changes caused by Biocerum
and titanium were examined. Furthermore,
progression of bone changes due to titanium were
observed over 3 years (Fig.8-1, 2, 3). Al equivalent
value and SD over time demonstrated bone

changes due to Biocerum and titanium implants.
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Fig. 8-3 6 month after implant

Bone reaction was highest at about one year for
Biocerum, while that for titanium occurred at
about 6 months. Bone reaction seemed to occur
earlier with titanium than with Biocerum. Bone
changes around a titanium implant over 3 years
were shown as the ratio to Al equivalent value. As
the evaluation by Z-score at 3 years after implant,
the normal level was estimated to be 75%, and
sclerosing osteitis 18.7%, while bone resorption
was 6.3% (Fig.8-4).

C. Evaluation of mandibular bone changes in eld-
erly subjects
Human longevity is currently increasing and
osteoporosis in females is especially becoming
issue. Osteoporosis of the mandible was examined
by Z-score. The elderly group consisted of 17 males
and 39 females with average ages of 76.7 and 81

 File: 1TDIBIR
N

Fig. 8-2 3weeks after implant

6.3%

@ Zs>2
-2<7Zs<2
@ Zs<-2

Fig.8-4 Evaluation of Bone Changes with Titanium
after 3 years by Z-score

years, respectively. In the edentulous mandibular
bone, the sampling area was set at the mental fora-
men as a standard point (Fig.9-1). Approximately
31% of the female group was thought to show
osteoporosis in the mandible (Fig.9-2).

D. Evaluation of mandibular bone changes of

ESRD

End stage renal diseases (ESRD) are known to
cause bone changes not only in skeletal bone but
also in the maxilla and mandible'? ** ¥, Over time,
abnormal bone formation occurred in the maxilla
during prolonged hemodialysis. The panoramic
radiogram showed destructive enlargement and
mixed radiolucent and radiopaque findings in the
maxilla and mandible. The histologic findings
demonstrated new bone formations arranged in

parallel, while, loss of cortical bone and
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Fig.9-1 Evaluation of mandibular Bone Changes in elder subjects.
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Fig.9-2 Mandibular Bone Change in Old Age Group

disappearance of trabecular bone were also ob-
served, and both condyles were destroyed. Dental
radiogram also showed the disappearance of lam-
ina dura and a ground glass appearance was indi-
cated. These finding seemed typical of secondary
hyperparathyroidism. In this study, two hundred
and ten (ll19males and 91females) chronic
hemodialysis patients were investigated. Patient
ages ranged from 27 to 83 years with an average of
55.2 years in males and from 26 to 81 years with
an average of 50.6 years in females. The duration
of hemodialysis treatment ranged from 0.1 to 15
(average 5.8) years. The hemodialysis patients
were divided into 3 groups by the level of serum
I-PTH; group A: hyperparathyroidism (>300pg/
ml), group B: normal (100<I-PTH<300pg/ml),
group C: hypoparathyroidism (<100pg/ml) (Fig.

10-1). Correlation among BMC and serum bio-
chemical variables was estimated in each group.
According to this classification, there were 11
(6.2%) in the hyperparathyroidism group, 26
(12.4%) in the normal group and 173 (82.4%) in
the hypoparathyroidism group (Fig.10-2). Corre-
lation between factors of bone metabolism such as
Z-score and serum biochemical factors in all
hemodialysis patients was summarized (Fig.10-3).
Then we focused in the relationship among Z-score,
I-PTH, I-BGP and 1,25(OH).D; in each 3 groups. In
the hyperparathyroidism group, there was an in-
verse correlation between Z-score and PTH (r=
-0.438) or BGP level (r=-0.274) (Fig.10-4,5). As
PTH and BGP increased, the Z-score decreased.
However, there was no correlation between Z-score
and PTH in the hypoparathyroidism group. The
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Fig. 10-1 Scattergram according to Z-score and I-PTH

Fig. 10-4 Relation between Z-score and I-PTH in the Group
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Fig. 10-3 Correlation Matrix for Variables

BGP level was within normal range but did not cor-
relate with the Z-score. The serum 1, 25(OH).D;
in the
hemodialyzed group. A positive correlation was
found between Z-score and 1, 25(OH).D; in the
hyperparathyroidism group (r=0.67, p<0.01),

level was below the normal range

A G-1 hyper.
< G-2 cont.norm.
V G-3 hypo.

5
0
F

Fig. 10-6 Relation between Z-score and 1,25VD; in the Group

(Fig.10-6), but there was no correlation in the
hypoparathyroidism group.
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IV. Application for animal experiments
A. The Effect of Microgravity to the Vertebral
Growth in Growing Rats'>'*

The effect of 14 days spaceflight on the verte-
brae of rapidly growing rats was studied. Bone
mineral density was measured from X-ray photo-
graphs (Fig.11-1), and the hardness of the verte-
brae was measured with a Knoop microhardness
tester. Histomorphometric examination was per-
formed with a microcomputer aided system.

Twenty-five male Sprague-Dawley rats (8
week old) were used in this study. They were ran-
domly assigned to the following five groups of five
rats each: group A consisted of preflight ground
control rats that were killed 2 h before launch;
group B was made up of in-flight rats killed up to
5 h after landing; group C was the synchronous

ground control of group B; group D was 14 days
spaceflight rats which were killed 9 days after
landing; group E was synchronous ground control
of group D (One of a series of articles that de-
scribes research conducted on dedicated life sci-
ences missions flown on the US space shuttle). In
respect of bone mineral content (CaCO; mg/cm?)
by Equivalent images , there is no significant dif-
ference between flight group (B, C) and synchro-
nous group (B, D), (Fig.11-2). On project direction,
significant correlation was observed between verti-
cal and horizontal in the synchronous group(C, E),
but in the flight group (B, D) there was disap-
peared in its relationship. Max length per a
trabecule by Particle analysis showed tendency to
shortening in group B, but in the group D which
lived on the ground in 9 days after space flight,

Fig.11-1 X-ray image of vertebre
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Fig. 11-2 Bone mineral content (Thoratic bone 3-10)
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Fig. 11-4 Detected max length of trabecular bone (Th8 and 9)

they were become in same group E (Fig.11-3, 4). there found irregular and thick immature cortical
It was suggested recovery. Fractal dimension bone, and decreased formation of lammellated bone
showed no difference between flight group and (Fig.11-5).

synchronous group. Hardness by Knoop test

showed also no difference between flight group

and synchronous group. In histomorphometry,
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B. Effects on the bone mineral content by
hindlimb suspension in rats'®

An experiment simulating a microgravity
condition during space flight was performed by
Professor Ohira of the National Institute of Fitness
and Sports, Kanoya by suspending the tail of rats
and relieving the hind legs from the body weight
(Fig.12-1). The bone mineral content of the femur
was measured in rats after 14-day suspension of
the hind legs, which was the same duration as the
1993 flight of the NASA space shuttle Columbia
(STS-58), and rats after 14 day suspension of hind
legs followed by 23-day normal rearing. The bone
mineral content was decreased after 14-day sus-
pension of the hind legs compared with controls,
but it tended to recover after 23-day normal life;
the results were similar to those under the
microgravity condition of space flight (Fig.12-2).

In summary, This Al-equivalent images was
able to demonstrate not the absolutely quantity of
bone mineral content, but relative changes. This

Fig. 12-1 Tail Suspension of Rat
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Fig. 12-2 Bone mineral content of femur
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method can easily measure bone mineral content of
mandibular bone, and evaluate various kinds of
lesions. Furthermore, it is used for bone changes of
experimental animals.
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