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Computer Automated Approach to the Extraction of Epiphyseal
Regions in Hand Radiographs

By Ewa Pietka, Sylwia Poépiech, Arkadiusz Gertych, Fei Cao, H.K. Huang, and V. Gilsanz

Epiphyseal region is the most sensitive region to de-
velopmental changes of the skeletal system. Extrac-
tion of this area is the very first step in any comput-
erized image analysis. In this report a fully automated
" analysis of a hand radiograph resulting in extraction
of distal and middle regions of the Il, Ill, and IV pha-
lanx is presented. The processing is performed in 3
stages. First, the trend of background is removed
from radiograph to obtain a binary hand mask. At this
stage a labeling procedure is necessary to eliminate
artifacts {markers). Then, II, li}, and IV phalanges are
identified in the binary image, and the phalangeal
axes are drawn. Finally, the intensity profile along
each phalangeal axis is analyzed, and, on its basis,
distal and middle regions are located. The presented
procedure is designed as a part of currently developed
system for automatic bone age assessment; however,
it also can be as a preprocessing step in other dis-
eases the dlagnoses of which may requnre a computer
assistance.
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TAGE OF EPIPHYSEAL development is the

most relevant bony structure considered in an
assessment of skeletal maturity. A left hand wrist
radiograph is compared with patterns reflecting the
bone age. A difference between the bone age and
the chronological age indicates abnormalities in
the skeletal development. The procedure also is
used in monitoring the hormone therapy. Two
methods are implemented clinically. One, very
subjective, is based on a book atlas' and compares
the entire hand image with patterns. Another one,
more objective yet very time consuming, is the
Tanner-Whitehouse (TW) method,®> which com-
pares selected regions of interest.

Several attempts have been made to computerize
the epiphyseal analysis. One approach® uses a
cross correlation as a measure of similarity be-
tween an analyzed region and a prototype. Yet,
before the analysis, the radiologist has to mark

manually the epiphysis and corresponding bones.
Another approach* performs the analysis of the
middle region of the IN phalanx. The method is
based on a point distribution model derived by
several points marked manually on the bones. This
model then is compared with pattern models de-
scribing each developmental stage. Investigators
have mentioned an unsuccessful attempt to auto-
matic location of regions.

Tanner and Gibbons® have developed a method
based on the TW approach. The epiphyseal region

.is positioned beneath a video camera. An operator

views the image on the computer screen and aligns
it to the templates of the TW stage of development
displayed on the screen. The closest match is
chosen by comparing the Fourier transform co-
efficients of the region under analysis to the tem-
plate regions. Another approach based on the TW
method® performs an interactive image analysis.
Patterns of all developmental stages are displayed
on a screen, and the calculation is done automati-
cally, yet still the regions are extracted manually.

All described methods require a manual extrac-
tion of the region of interest. In this study, a
computerized approach to the extraction of epiph-
yseal regions of interest is presented. It is an
extension of previous studies performed on the ITI
phalanx only with no rotation of phalanges.” Cur-
rently, the IT, I, and IV phalanx are analyzed, and
the edges of extracted regions are aligned to the
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phalangeal axis. Because the procedure is intended
to be used in unsupervised applications, error
checking is introduced at various stage of the
image analysis. A standard hand position in the
image is assumed (ie, a left-hand wrist in the
upright position).

The image analysis is performed in 3 phases.
First, the entire hand area is extracted. Then, the
phalangeal axes are marked. Finally, the epiphy-
seal regions are extracted.

HAND LOCATION

The basic step of our analysis is to determine the
location of the hand in the image. This aim is
gained in 2 stages. First, the image is transformed
into a binary mask, and simultaneously the image
background is removed. Then, high intensity arti-

. facts (labels, markers, tubes) are separated from
the hand region.

To shorten the execution time at the preprocess-
ing stage without the influencing the overall anal-

_ysis, the image has been subsampled by a factor of
4. This image size often is used in radiology for the
image preview.

Background Removal

The background extraction is based on a histo-
gram analysis. An overall image histogram of an
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input image indicates 2 areas (Fig 1). The low gray
value peak corresponds to the background,
whereas the high gray scale value peak reflects the
soft and bony tissue. Bright markers and dark
artifacts may appear as small additional peaks in
peripheral high or low gray level areas, respec-
tively. Because of the background nonuniformity,
in most hand images the background yields a rather
slow varying slope making it difficult or even
impossible to correctly separate the hand area us-
ing a single threshold value. Thus, to estimate the
background plane, the image is divided into 4
quarters, and a histogram of each area (called later
a subhistogram) is searched for a peak locating the
background (Fig 2). Because the ratio of the back-
ground peak to hand region peak amplitudes de-
pends on the hand location within the image, the
interval to be searched is delimited by the shape
and location of the background peak in the main
histogram.

The locations of background peaks: A,,,.;, 002
Ponaxsr Pmaxes (Fig 3A) correspond to the average
intensity level of background pixels k;, k,, k3, k,in
every quarter of the image. These 4 values are the
basis for estimation of background in each image
corner bcg,, bcg, bcgs; beg, The bilinear inter-
polation is used.® The interpolated image A(x, y) is
calculated by a linear combination of 4 nearest
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Fig 2. Subhistograms of the input image.

pixels bcg;, beg,, begs, beg, of a given 2-dimen-
sional data (Fig 3B). The interpolated image f{x,y)
forn,Ty=x=<(n; + DT, and n,T, <y < (n, +
1)T, is given by:

fG.y) = (1 = Dx)(1 ~ Dy)f(n,T,n,T)
+ (1 = Dx)Dyf(n,T;,[n, + 11T3)
+ Dx(1 — Dy)f([n, + 11T},ny)
+ DxDyf([n, + 11Ty,[n, + 11T,).

(0

where: Dy = (y — n,T,)/T,, Dx = (x — n,T)IT,
The estimated background (Fig 4A) is subtracted
from the hand image. The results are shown in

(Fig 4B).

Hand Object Extraction

The second stage of the image analysis yields a
binary hand mask. After the background has been
subtracted from the hand image, a histogram is
found again. Because the background is now more
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Fig 3. Background analysis. (A} location of background peaks. (B} Estimation of the background plane.
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Fig 4. Background removal. {A) Estimated irhage background. {(B) Hand image after the background substraction.

uniform, its peak is narrow and has a larger value
than the background. To separate this peak, the
triangle algorithm is applied. A line connecting the
maximum value at the gray level %, and the value
at the level k,,, is constructed (Fig 5A). The
distance d(k) between the line and histogram points

h(k) is computed for all gray levels from k,, to k...
The gray level value k, at the maximum distance

d(ky) = max |h(k) — I(kp)] @

yields the threshold value (Fig 5B).
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Fig 5. Selection of the threshold value after background removal. (A) Line connecting the maximum value at the gray level k,,

and the value at the level k,,,,,. (B) Thresholding value dfk)).
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Fig 8. The labeling procedure.

After implementing a thresholding function, a
binary image is obtained. Low pixel values corre-
spond to the background, and high pixel values
mark the hand area and other objects (if any).
Morphologic operators remove isolated pixels,
which increase the number of binary objects to be
removed. Afterward a labeling procedure  is per-
formed. Its goal is to find the greatest object (ie,
hand area) in binary image (Fig 6). The binary
image is scanned from bottom to top with 3 pixels
window. If the pixel under consideration is equal to
1, it is compared with its 2 neighbors. If any of
them belongs to the object, the same label is
granted, otherwise a new label of a consecutive
integer is assigned. The area of each object is
found, and the largest value indicates the hand
region. A more detailed description of labeling
algorithm can be found in Haralick and Shapiro.°

LOCATION OF PHALANGEAL AXES

After the hand background has been removed
and the hand area has been extracted, the analysis
of the phalanges may be performed. It starts with

the location of the II, III, and IV, phalanx followed
by the extraction of their axes.

Location of Phalanxes

The thresholded image is scanned in the hori-
zontal direction (Fig 7A) and an array of horizontal
profiles is defined. To reduce the noise, each pro-
file is an average of neighbor rows. Because a
binary image is subjected to the image analysis,
profiles contain high and low value levels. The low
value level (LVL) reflects the background, whereas
the hand location is marked by the high value level
(HVL). |

The array of horizontal profiles is searched for 2
fiducial rows (Fig 7A). First, the upper row marked
by a profile of 3 to 5 HVLs is found. Then, it is
shifted upward until only one HVL remains. It
delimits the top of the phalangeal area and marks
the tip of the Il phalanx (and the first fiducial TowW).
Two lower profiles containing HVL to the right
and left of the ITI phalanx locate tips the IT and IV
phalanx, respectively. The second fiducial row is
found by scanning the array downward until only 1
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Fig 7. (A) The thresholded hand image with profiles in phalangeal area, arrows point to fiducial rows, circles mark centers of
high intensity sectors and are used for estimation of phalangeal axes. (B) original hand image with superimposed axes of the

phalanges II, I, IV.

HVL within the profile remains. It reflects the
metacarpal area and delimits the lower edge of the
phalangeal region to be analyzed.

Extraction of Phalangeal Axes

The extraction of phalangeal axes is performed
by, searching the array of profiles in the vertical
direction. The central point of each HVL marks an
axial point of the corresponding phalanx. As a
result, 3 vectors are defined. Each of them contains
the coordinates (ie, distance from the left image
edge) of the axial points of one phalanx. These
vectors are subjected to an interpolation procedure.
Because fingers of most people exhibit a natural
curvature, the third-order polynomial fit is used.
(Figure 7B) shows axes of II, III, and IV phalanx
superimposed on the hand image.

LOCATION OF EPIPHYSEAL REGIONS

Location of epiphyseal regions of interest is
performed on the image at an original resolution.
The regions include epiphyses, lower part of me-
taphyses, and upper part of diaphyses.

To extract the epiphyseal region of interest
(EROI) a modified version of an already devel-
oped, for a middle phalanx, procedure is applied.
In the earlier version’ a vector P representing
intensity changes along phalanx axis has been
scanned in a vertical direction. In the current func-
tion the axis is no longer assumed to be vertical,
yet it is at any direction. Thus, elements of P are

defined as an average of neighbor pixels perpen-
dicular to the local direction of the axis (Fig 8):

k=n
Pi= D x4 (—cthueg+k  (3)

k= -n

where p; is the j-th element of the profile vector P,
r;, ¢; are row and column number of an j-th pixel of
the axis, x, , is intensity of pixel in location k, 1, and
n is size of the neighborhood.

The first-order derivative (Fig 9) of the vector P
is searched for 3 minima, which mark roughly the
gap between epiphyses and metaphyses. To avoid
2 neighbor gaps within an area (the gap between
diaphyses and epiphyses and between epiphyses
and metaphyses) a sector that can include one
minimum only is defined. This insensitivity sector

G

Fig 8. Calculation of the profile along the axis as average
of pixels in direction perpendicular to the axis.
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Fig9. Location of the phalangeal gaps. (Top) Middle phalanx and its axis. {Middle) Average profile along the axis (vertical lines
mark local minima within gaps). (Bottom) Derivative of the above profile.

should cover the entire sharp variation area sur-
rounding the gap. Because the distance between
gaps depends on the length of fingers, its size is
assessed on the basis of the axis length. The lowest
pixel values mark the final position of the gaps.
Once the gaps are located, the EROI edges are
defined. The phalangeal width is estimated by the
width of the HVI, and distance between gaps may
be used for setting of the height. The current EROI
size may be adjusted depending on image process-
ing functions implemented at the stage of feature
extraction. Location of extracted EMROI is shown

in (Fig 10).

RESULTS

The described methodology has been tested on a
database of 130 clinical left hand-wrist radio-
graphs. Films are digitized with a Lumiscan 200
digitizer to 2KB X 2KB X 12 bits. The test set
includes radiographs of children between 1 and 18

years of age. All procedures have been imple-
mented in Matlab 5.2 on a SUN workstation.

The hand extraction procedure has failed in 1%
of images. In this case, the background has not
been estimated correctly causing the suppression
of soft tissue on the tip of phalanges. One radio-
graph of very bad quality (low contrast and many
artifacts) has been detected by the error-checking
routines and rejected from further analysis.

When considering the phanageal axes extrac-
tion, the ratio of failed image analysis cases in-
creases to 7%. It includes the case mentioned
above as well as hand images in which soft tissue
of neighbor fingers are joined.

Regarding epiphyseal regions extraction, the
number of units to be correctly identified increases
6 times (each hand image includes 6 EROI to be
marked). In this case the number of failed region
extraction decreases to 3%. This means that in
many images only a single region is misextraced.




172

Fig 10. Distal and middle epiphyseal regions of interest of
phalanges I, lIi, IV.

Most of the errors, résulting in shifting of the ROIs
markers to the interior of bones, have been caused
by low contrast images. In 2 cases the fingers have
been bent, yielding higher intensity of the soft
tissue around the gap. In a computer-assisted im-
age analysis performed clinically, these regions
require a manual adjustment.
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DISCUSSION

The main aim of the background removal pro-
cedure is to correctly determine the image back-
ground trend on the basis of the background peak
location in each image quarter. When a nonfirmly
closed cassette is exposed, overexposed spots or
borders of a big area may lead to a wrong main
background peak detection resulting in a wrong
background estimation and removal. These arti-
facts may join or overlap the hand region. To
decrease the sensitivity of the phalangeal axis de-
tection to these type of failure, an interpolation
procedute is applied. It reduces the axis deviation.

The algorithm is able to handle radiographs at a
standard hand position (left hand, upright). Be-
cause a nonstandard hand position is likely to
trigger the background removal error, an error
detection procedure is implemented. It checks the
presence of a handlike structure. If not shown, the
analysis is suspended. The next generation of this
module will handle the problem.

CONCLUSION

Here we report a method of extraction of distal
and middle regions of II, IIl, and IV phalanx in
hand radiographs. Short processing time, high ac-
curacy ratio, and build-in error checking proce-
dures make this suitable for practical use in com-
puter-aided bone age assessment. Because of the
structured form of the package, procedure of hand
extraction, axes extraction, and epiphseal regions
location can be used independently. The improve-
ment of image quality also would increase the
ration of accurately extracted regions.
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