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Abstract

This paper describes a simple protocol for measuring the joint space of the
rheumatoid arthritic (RA) wrist from projection radiographs. The protocol is
implemented using a computer algorithm based upon the Interactive Data Language
platform. The computerized algorithm features a user-friendly graphical interface to
aid the operator to measure joint space parameters, namely distance and area, of the

wrist vertebral morphometry at the radiocarpal region. Dual-energy X-ray,
absorptiometry (DXA) radiograph of a standard hand and wrist ghar@s
evaluated using the measurement protocol to determine the ac % recision of
the protocol. The accuracy, parameterised by the systemﬁ%tumed a mean of

5.20 % for distance and is equal to 3.49 % for area @ ) nt. The precision of the

measurement protocol, parameterised by the goefRgieMor variation (CV), for

distance returned a mean of 1.96 %); t/"\V for area measurement equals 2.1 %.
Three observers participated g) ir@ repeatability (intra-observer) and
reproducibility (inter-obser Ne easurement protocol, parameterised by the

a healthy volunteer and a RA patient. The inter-

CV, using DXA radiog
observer repeata@r Q.lance measurement for the respective observers returned
mean 10:9%%, 7.7 % and 11.4 % for the healthy wrist. However, the results
rev proved repeatability for the RA wrist; the CV for the respective observers
returned rfean values of 7.7 % 7.1 % and 10.0 %. The inter-observer repeatability for
area measurement for the respective observers returned mean values of 10.2 %, 7.1 %
and 10.1 % for the healthy wrist. However, the results revealed improved repeatability
(in two out of the three observers) for the RA wrist; the CV for the respective

observers returned mean values of 6.8 % 6.5 % and 10.8 %. Student’s t-test analysis

of the intra-observer repeatability revealed that the measurements of distance and area



were generally not intra-observer sensitive. On the other hand, student’s t-test analysis
of the inter-observer reproducibility revealed that half of the distance measurements
were inter-observer sensitive; whereas the remaining were not. Similar findings were
obtained for area measurements. Overall the results reveal that the variabilities in
accuracy and precision tests and the repeatability and reproducibility tests were
typically 10% or less. These findings, in addition to the versatility and simplicity of
the digital image analysis protocol, lend to the potential of using the protoc

complement the acquisition of bone mineral density data derived fro r
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diagnosing the progression of RA in patients.
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1 Introduction

Rheumatoid Arthritis (RA) is a chronic progressive disease resulting in joint
inflammation, and consequently extreme discomfort and pain. RA typically starts in
the membrane surrounding the joint (the synovium), which then thickens and fills the
joint space (JS). The joint function deteriorates further with age [1]; RA is more
common amongst women over 50 years of age than any other demographic [2].
Radiography plays an important role in the diagnosis of RA as the features iated

with the pathology of the diseases can be visually assessed [3]. ProtoQ
L 2
m; and

radiologic assessment of RA can be broadly classified into: (1) SCR§

initially proposed by Kellgren and Lawrence [3], b ently implemented by

other authors [4-7]. However, a major limitation gring system is that it is

qualitative and hence inherently subjeqgige [4]. It 1S%or this reason that quantitative
W

radiography has been proposed as

(2) quantitative radiography. The “gold standard” has be{ OIgng systems

e since it aims to measure the
distribution and size of each rompic feature accurately and precisely [8].
Quantitative radiograp SRS radiographic structural changes, such as JS
narrowing at the Q of RA patients, is intended to measure cartilage loss

from ergsioXffe . Typical measurement parameters for quantitative

are (OMstance [4] and area [9] and these parameters may be evaluated
directly the radiograph [10] or from computerized image analysis of digitized x-
ray films [9]. However, the accuracy and precision of the diagnosis depends very

much on the measurement protocol [4, 9, 11].

Additionally, poor contrast and resolution in conventional x-ray systems have
hindered their usefulness in quantitative radiographic assessment despite their low-

cost, ease of interpretation and ability to provide a permanent record which can be



assessed at any stage of the disease [8]. Alternative systems have been proposed and
developed. Buckland-Wright [12] developed a microfocal radiographic system
capable of producing high-definition images, resolution and have applied the system
to both knee and hand [11]. Harvey et al. [13] employed a second generation dual-
energy x-ray absorptiometric (DXA) scanner to achieve high contrast in radiographs
of bone and used interactive computerized image analysis technique for accurate
delineation of bony margin in the hip joint for distance measurement. DX ngs to

a family of multi-energy imaging techniques that are designed to acqy raphs
Gay

L 2
containing energy-independent information free from artifacts ca\

attenuation as seen in conventional x-ray radiography [14 @

More important, DXA scanners are used for measu ineral density (BMD)
to assist in the diagnosis of bone deterioratiog andlos -20] that could be linked to
RA [13, 18]. To this end, this paper pre®ses a computerised image analysis method
for the assessment of JS in thgwr' 0 ients using digital radiographs acquired

based on existing imaging Q computer algorithm (known as 'WRISTJS)

was developed to implg

% h®eligital image analysis protocol. To measure the
radiocarpal JS o Ny om radiographic images, the proposed measurement
protoCcgimy ed cWUating distances and areas within the JS. The distance

par easures the separation between joint margins, and provides a measure of
JS narrowthg at specific sites along the radius and carpal bones of the wrist. The area
parameter measures compartmentalised areas of the JS of the respective radius and
carpal bones of the wrist to facilitate overall assessment of the degree of JS narrowing
at these sites. The protocol for the JS measurement of joint space is driven by the need
to avoid excessive and complicated procedures. Here, each stage of the protocol is

executed independently; this reduces the potential effects of sequential systematic



error. It is envisaged that such a method to acquire data related to distances and areas
with the joint space of the RA wrist could be used to complement the BMD results

obtained from the same DXA images for diagnosing the progression of the disease.

2 Materials and methods

2.1 Reference locations

A fundamental approach in the quantitative radiographic measurement of t ist JS
is the use of reference locations to achieve precision [11, 21] or the u marks

g
identified by active shape models [21]. In this study the focus is

identification of reference locations using anatomical Ia@
S

Ideally, the reference locations must be radiographi% at any stage during
the period of study of the disease. These referenc®lo s (or landmarks) play an
important role in ensuring that: (1) th e observer will obtain consistent repeated

measurements performed on&he spffic IO’ (2) different observers will obtain

measurements from the san@ h minimal variability; (3) temporal changes in
any radiographic featy eNetable. In this study, six ALs along the bony margin
in the radiocarp veQen identified for the measurement protocol. These ALS

are indj Q matics in Figure 1. The observers were instructed on the

arg underpinning these ALs; this would help them make informed decision

when ideMifying and marking them digitally during the image analysis process.

Two ALs, namely #1 and #2, along the leading bony edge of the radius medial and
lateral ends have been designated as the radius “tangential” locations (Figure A). As
the name suggests, they have been defined such that if a straight line is drawn passing
through them, the line should just rest on the bony margin. Another two ALs (#3, #4)

along the bony margins of the scaphoid and lunate have been designated as the carpal



“tangential” points (Figure 1 A)—if a straight line is drawn passing through them, the

line should just rest on the bony margin of both scaphoid and lunate.
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Figure 1. Schematics of the digital image ana protocol for rheumatoid arthritic assessment. (A)
Anatomical locations (ALS) at the radioc int e. AL #1 and #2 are identified by the points of
contact of a straight line with the t diMmedges of the radius bony margin. The same applies with

respect to the scaphoid and lunate mamyins for both AL #3 and #4. AL #5 is identified on the

scaphoid bony margin by ection” of the shortest straight line joining AL #1 and the bony

margin; the same ru A the lunate for AL #6 in relation to AL #2. (B) Distance
measur . 4a -d8 refer to the joint space distances between the radius and scaphoid and
the lunate®respectively; x1 denotes distance between equally spaced lines within AL #1 and

#3; x2 deMQies equally spaced lines between AL #4 and #2. (C) Area measurement of the medial

radioscaphoid (MR) region, AMRS, and the lateral radiolunate (LR) region, ALRL.

The last two ALs, i.e. #5 (along the medial scaphoid) and #6 (along the lateral lunate
carpal) have been designated as the carpal “end” location (Figure 1 A). AL #5 has

been defined on the scaphoid bony margin by the intersection point of the carpal bone



with the radius leading edge. Although AL #6 could be defined by the intersection
point of a straight line (drawn perpendicular to the bony margin where AL #2 is
located) with the lunate bony margin, in some cases it was more appropriate to define
AL #6 as an intersection point of the carpal bone with the radius leading edge. This is
for when it was more feasible to detect the overlapping projected images of the radius

and carpal bones.
After the ALs were identified and registered into WRISTJS, the radiocar@ld
be compartmentalized into the radioscaphoid and radiolunate region Qt

independent assessment of RA. The anatomical locations (#@

carpal and radius bone defined the horizontal bounds of & tment; the curves

outlined by the bony margin define the vertical bou@

) on the

ompartments.

2.2 Distance and area measurement

As mentioned in section 1, the two Msed for JS measurement are distance
and area. For the purpose of mi\ng h8v WRISTJS executes the distance

measurement, consider the r

has been programmed @
separation be @nat

Loscaphoid compartment (Figure 1). Here, WRISTJS

e the horizontal (with respect to the image axes) spatial

ical location #1 on the radius bone and the anatomical

along the curve fitted to the radius would be identified. Rudimentary trigonometric
methods were used to determine the distances (d1, d2, d3 and d4) between the radius

and the scaphoid (Figure 1 B).

The arguments used to implement the area calculations were more straight-forward:

the areas of interest were the regions enclosed by the radiolunate and radiocarpal



compartments. The areas of regions Awvrs and ALrL Were taken as the sum the areas
constrained by d1 to d4 between the radius and scaphoid; and d5 to d8 between the

radius and lunate respectively.

2.3 Measurement protocol

The protocol for measuring the wrist JS involves the following steps: (1) image
processing; (2) identifying AL #1 and #2, as well as secondary points along the radius
bony margin (for demarcation); (3) identifying AL #3, #4, #5 and #6, as \aglll as

secondary points along the carpal bony margin (for demarcatiogy, (4 @ ting the

respective curves that best fit the points found in step 2 and %\:alculating
distance and area. K

In step 1, image enhancement was performed usk offrations, namely
magnification and smoothing; the latter rem&laﬂon as a result of enlargement.
The recommended filter size of 3x3 gixe s adhered to [22]. In step 2, prior to the
identification of ALs #1 and 3 nNe radfus bony margin (Figure 1), the WRISTJS
)

generated a straight line 1 and #2; the line was used as a guide for

identifying AL #1 an ondary points were then identified along the radius

bony margin n AL #¥and #2); thereafter a curve (a 3rd order polynomial

eq @ &erated to best fit these points to demarcate the radius bony margin.
SimilalNQgproach was applied to the identification of AL #3 to AL #6 and secondary
points and demarcating the bony margins. After the ALs and demarcation lines were

established, the areas, Amrs and Arre, and distances, d1 to d8, were determined.

2.4  Calibration using the grid phantom

Calibration was carried out on the WRISTJS before it could be employed for distance

and area measurement. The calibration method involves: (1) acquiring a DXA image



of a square grid phantom; and (2) establishing a relationship between distance and
area measurements (in pixels) based on the image by WRISTJS to the respective
nominal values measured directly on the grid phantom. The grid was made from
copper; each square has a length of 10 mm (diameters ~0.5 mm). The grids were
embedded in a block of acrylic material (240mm x 150mm x 15mm). Scanning was
executed with the block placed onto the patient’s couch, with the longer side parallel
to the line of motion of the X-ray source. To account for any distortion in t nd
image introduced by the DXA scanner, several sets of measurements As,
Q.

g
over different parts (and sizes) of the grid, were determined with

calculated. 6\
Sb

For distance calibration, a total of ten lines were dr grid image (five along
the width and five along the length of the blokQ =wise, each line spanned

across twelve grids; length-wise, eachﬂnned across twenty grids. For area

calibration a total of fifteen sguargffed

region (which covered twer(\ re grids) may overlap with another given

re drawn on the grid image. Each square

region.
2.5 Accurac @is assessments using the Leeds phantom
Th y teqgcompared the ds and As from a DXA image of a simple hand and

wrist pMygtom, determined using WRISTJS (following the proposed measurement
protocol described in section 2.3) with the results obtained using a direct manual
method. The hand and wrist phantom (Leeds Test Objects, Leeds, United Kingdom)
was constructed from acrylic and aluminum materials to mimic soft tissues and bones

of the hand and wrist respectively.
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ﬁ H H u Phalanges
Metacarpal _ '
bones :
Carpal Radiocarpal
bones joi
\ *__,/" joint space
Radius S W — Ulna

Figure 2. The hand and wrist phantom (“right hand”). There are eight alumﬁ ry @ odel the
x

phalanx and metacarpal of the hand) and three irregular aluminum plate rpals, radius and

ulna of the wrist) embedded in the acrylic material. The thickness ofgie mai y of the phantom

varies at different locations. The thickest section (=3 cm) beg t and the thickness tapers
2’ |

towards the proximal end of the hand (1.5 cm). All rods an ess than 0.5 cm thick.

u@amom wrist JS from carefully traced

The direct manual method m@a

drawings. A collimated lig % over-head projector (simulating the DXA
imaging system) used w
imageonas @d

trac t1yto the paper using a pencil. Measurements of distances, made using

inate the phantom resulted in an outline of the bony

m by 1mm) tracing paper. The projected image was

a ruleMrecision of £0.01 mm), and areas (counting the number of whole and half
squares) were obtained directly from the outlined image; these measured values were
regarded as the expected results. In this study, measurements were only derived for
d1to d4 and Awmrs because of difficulties in identifying the equivalent region enclosed

by the lunate-radius bone on the phantom.

11



The accuracy of the measurement protocol was parameterised by the systematic error
(SER), defined as SER = 100(a-b)/b, where b denotes the measurement quantity
(distance or area) determined by WRISTJS and a, the corresponding measurement
quantity determined by direct manual method. The precision of the measurement
protocol was parameterised by the Coefficient of Variation (CV), defined as CV =

100(SD/u), where SD is the standard deviation of a variable (i.e. distance or area) and

ux is the mean value of the variable (i.e. distance or area).

2.6 Repeatability and reproducibility assessment of healthy agd R@

Two archetypal radiographs were obtained for the study: on@ight hand of a
ubj

healthy subject; and the other from the right hand of a R ¥ Both subjects were

from a pool of volunteers for a cross-sectional styd Imanhill Hospital

(Aberdeen) on arthritic diseases. It was inten decided to evaluate only these

two archetypes using the digital ima (%Nsis in order to assess the repeatability

(intra-observer) and reprodudjliMinteNebserver) of the protocol. The DXA images
N

were obtained at the Osteo

healthy subject was a® @

year old Scottj @hl Wing an advanced stage of the disease. Ethical approval

was be Grampian research ethics committee.

search Unit, at the Woolmanhill Hospital. The

old English male volunteer. The RA patient was a 60-

Radiog ic images of the wrist were acquired using the LUNAR EXPERT-XL
DXA scanner, following an imaging protocol for RA assessment. The phantom was
employed to determine the accuracy of the measurement protocol. Using WRISTJS,
the images were digitally magnified four times so that the radiocarpal JS was
sufficiently visible to the observer. Following the proposed measurement protocol

both distance and area measurement were performed.

12



Two experienced observers and one inexperienced observer participated in the
assessment. The inexperienced observer was given instructions on how to implement
the measurement protocol and was requested to make five practice attempts prior to
commencing the assessment. After these practice attempts the results were
immediately revealed to the participant. The aim was to provide an indication to the
observer about the particular style that the operator has adopted, which could serve to

reduce the range of variability.

With regards to the test for repeatability, each observer was instructs “
two sets (repeated for fifteen times per set) of d and A measur N o separate
occasions. The interval between the first and second set & 4 h. The

reproducibility test involved only the results from t@
the first set. A

rienced observers from

2.7 Statistical analysis

Student’s t-test was employegx s ti& significance of the repeatability between

measurements obtained gp tMgsepaPate occasions for each observer. The null

hypothesis (no signifi @ erence between the mean readings of the two sets of
measurement esgpd ajinst the alternative hypothesis. For the reproducibility
tes @u St employed to test for differences in the measurements made by two
observe®g, The null hypothesis (no significant difference between the results obtained
by the two observers) was once again tested against the alternative hypothesis. In this
study, significance was defined as P < 0.05. The t-tests were performed using Minitab

commercial software (version 16). The results of the respective ds and As were

reported as means, SDs, SERs and CVs.

13



3 Results & Discussion

3.1 DXA images

Figure 3 shows DXA images of a healthy (right) wrist and a RA (right) wrist. The
vital bones, namely: radius; ulna; scaphoid; and lunate are clearly labelled. For the
healthy wrist, the fingers could be easily extended, thus resulting in the well aligned
phalanges. More importantly the joint spaces of the hand, particularly those at the
wrist between: the scaphoid and lunate; scaphoid and radius; and lunate afg ra

are clearly visible exhibiting a high contrast image. Converselygthe @ ent found

it difficult to fully extend the fingers and wrist during the im%\ess, resulting
nd

in a distorted arrangement. The RA image revealed that % i nger was a
somewhat bent. More importantly, many of the jgi that are visible in the
healthy subject are not clearly visible in the . For instance, there is no clear

separation distance between the lunate scaph0|d there is a faint line between the
scaphoid and radius as well aobe Iunate and radius. Note that this could

present difficulties when id t e ALs and the secondary points for the

measurement protoco urpose, the experienced and inexperienced observers

were instructed g Wrist region carefully prior to executing the

meas tocol.

3.2 racy and precision

Following the procedure for calibrating the WRISTJS (section 2.4), the calibration
constants for converting image-related pixel numbers to units of length (mm) and
area (mm?) were found to be 1.973 pixels/mm and 3.997 pixels/mm? respectively
(Note, these are mean values with corresponding SDs of 0.001 pixels/mm and 0.015

pixels/ mm?).

14



Healthy Severe RA

Scaphoid

Radius Ulna

Lunate x Lunate
Figure 3. DXA images of a health‘wri eft a RA wrist (right). The RA wrist shown here has
been diagnosed as severe RA. K\

Table 1 lists t @ft accuracy and precision tests using the phantom. With
CRgC

rega & y, the SER ranges from 2.45% (d1) to 7.16% (d2) for distance
measURgnent; this returns a mean of 5.20%. The SER equals 3.49% for area
measurement. As the SER is related to the difference between the values obtained
using the direct method and the WRISTJS method, this study shows that the distance
and area measurements obtained using WRISTJS consistently underestimated the

measurements obtained using the direct method.

15



Table 1. Accuracy and precision tests for distance and area measurements using the phantom.

WRISTJS Direct Method" SER %@

di 5.16 + 0.09 mm 5.42 +0.09 mm 4.83
(2.85 %) (1.66%)

d2 4.89 + 0.08 mm 5.27 £ 0.10 mm 7.16
(1.64 %) (1.90 %)

d3 4.60 = 0.07 mm 491 +0.16 mm 6.42
(1.52 %) (3.26 %)

d4 4.40 £ 0.08 mm 451 +0.17 mm 2.45
(1.82 %) (3.77 %)

AwmRs 78.50 + 1.64 mm? 81.33 + 5.81 mm?

3.
(2.09 %) (7.14 %)
# Each mean value shown in the table was determined from six repeated meas @ BER %

represents systematic error. Values entered under 'WRISTJS' and 'Direct @n gdl ANpmean + SD (CV

o

With regards to precision, the CV ran% 1.5 (d3) to 2.85 % (d1) for distance

%).

measurements obtained by the WR

L 2
the direct method. Note that N n a mean of 1.96 % (WRISTJS) and 2.65 %

od and 1.66 % (d1) to 3.77 % (d4) for

(direct method). The ar ement reveals that the CV equals 2.09 % (WRISTJS)

and 7.14 % (dire verall, the results from the precision study are
encouraingﬂ f the precision tests show a variation (denoted by CV) of less
r

bo® area and distance. After closer scrutiny one notices that the

measureNygnt protocol implemented through WRISTJS exhibits lower variation when
compared to the direct method. It can however be assumed that the precision of the
direct method would improve, provided a dedicated microscope is used for both
distance and area measurements. This has been exemplified by James et al [4], where

such a configuration was key to securing accurate spatial measurements. Additionally,

16



tracing paper with much smaller square grids (e.g. smaller than 1 mm?) may be

considered with the use of such a dual-configuration microscope.

Overall, these figures for the accuracy test are higher than those quoted in the
literature [4, 9]. It should be emphasized that the current work performed
measurements on a highly irregular “radiocarpal joint space” of the phantom. In
contrast, phantoms with bone-mimicking geometries for measuring accuracy [4]

should be viewed with discretion since shapes of real joint spaces are far ular.

For the software developed by James et al. [4], it was reported tatt @ pd
resulted in SERs ranging from 0.04% to 2.07% (software m s direct
method). When compared to the results in this present s (T 1), the higher

reported accuracy should not come as any surpri @ “phantom annular joint

space” was measured instead. Although this easier task in the measurement
procedure, it was inadequate for the jo&nce to be represented by any form of
regular geometrical shape snﬁe r&g join®ypaces are highly irregular. For the direct
method employed by Jame mlcroscope slide calibration graticule was
used, a device unaval e authors of this present study at the time of
experimentati

Ok

of less

Da Ve reported that their image analysis software yielded an accuracy

1%; and less than 1.3% for distance and area measurements respectively.
With regards to precision, the CVs of the distance and area measurements obtained

were less than 5.5%. In relation to the accuracy study, Dacre et al. [9] also employed
phantoms with recognizable geometries which made the task of finding the expected

values much easier.

17



3.3 Inter-observer effects on repeatability

The results of the study on the effects of inter-observer effects on repeatability are
tabulated in Table 2. In the repeatability test for measurements taken from the healthy
wrist, the CV for experienced observer 1 ranges from 6.84 % (d8) to 17.64 % (d1) for
distance (mean CV = 10.87 %). For experienced observer 2, the CV ranges from 4.62
% (d8) to 12.02 % (d1) (mean CV = 7.68 %). As for the inexperienced observer, the

CV ranges 6.84 % (d8) to 14.99 % (d5) (mean CV = 11.38 %). AItogethe@e

concluded that the measurement of d1 resulted in the highest va‘riabi d

comparison of the average CVs for the respective observers sh % average
%ienced observer

CV from experienced observer 2 is the lowest and that of ge

is the highest. Overall there is no discernable differ%&en the results obtained
by the three observers. With regards to area meas{ge , the CVs for experienced
observer 1 are 13.84 % (Awmrs) and 6.4946 (ALrL). For experienced observer 2, the
CVs are 8.19 % (Awmrs) and 5’.97 0 .5 for the inexperienced observer, the
CVs are 10.76 % (Awmrs) an M LrL). Altogether it may be concluded that the
measurement of Awvrs Kistently higher variability compared to Arrc.
Between experie b r 2 and the inexperienced observer, the variation in the
aream emher for the latter than the former. However, between

exp observer 1 and the inexperienced observer, the comparison yields mixed
results: ti®variability associated with Awmrs is higher for the experienced observer 1
than the inexperienced observer but the contrary is observed for the variability

associated with Arry, i.e. lower for the experienced observer 1 than the inexperienced

observer.

18



Table 2. Inter-observer effects on the repeatability of distance and area measurement on healthy and

RA wrists.
Healthy wrist RA wrist
Mean + SD CV (%) Mean + SD CV (%)
(mm) (mm)
di1*EO 1 2.05+0.36 17.64 2.00 £ 0.09 4.49
EO2 3.26 £0.39 12.02 2.56 +0.17 6.54
10 3.24+0.42 12.87 2.05+0.22 10.52
d2* EO1 2.29+0.33 14.41 258 £0.15 5.62
EO 2 3.20£0.20 6.21 2.96 £0.17 5.65
10 2.79 £ 0.26 9.16 2.54 +0.18 7.19
d3*EO 1 243 +0.32 13.21 2.99 £0.20 461
EO 2 3.10+0.21 6.61 3.22+0.17 5.
10 2.40 £0.24 10.13 2.92+£0.22
d4*EO 1 247 +0.31 12.55 1.66 £ 0.15
EO 2 2.97 £0.30 10.10 8.44
10 2.09 +£0.31 14.83 8.14
d5*EO 1 2.30+0.18 7.62 8.60
EO 2 2.99 £0.25 8.34 7.41
10 2.57+£0.39 14.99 2.17 £0.30 13.68
d6*EO 1 247 £0.19 .67 +£0.15 9.07
EO 2 3.22+0.24 1.99 £ 0.15 7.44
10 2.85+0.36 1.98 £ 0.26 13.16
d7*EO1 272 0. 1.60 £ 0.15 9.13
EO 2 3.52 £ 0. 1.99 £ 0.15 7.51
10 3. 1.83 £0.20 10.86
d8* EQ 1 3.0 1.66 £ 0.15 9.03
+0.18 4.62 2.08 £0.18 8.44
3.51+0.24 6.84 1.75+£0.14 8.14
Mean + SD CV (%) Mean + SD CV (%)
(mm?) (mm?)
AwmRs
EO1 61.01+ 8.44 13.84 59.95 + 3.45 5.75
EO 2 91.57 £ 7.50 8.19 68.08 + 4.63 6.80
10 71.28 £ 7.67 10.76 59.70 £5.95 9.97
ALrL
EO1 45.62 + 2.96 6.49 23.02+1.81 7.85
EO 2 56.14 + 3.35 5.97 26.50 + 1.64 6.19
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10 50.36 + 4.70 9.34 25.40 £2.93 11.54

* d1 to d8 refers to the locations where the distance measurements were made. Awrs and A g denote
the area of the radioscaphoid and radiolunate regions, respectively. EO and 10 denote experienced and
inexperienced observers, respectively. Each observer carried out fifteen repeated measurements at each

location.

With regards to measurements taken from the RA wrist, the CV for experienced
observer 1 ranges from 4.49 % (d1) to 9.07 % (d5; the next closest value

d8) for distance (mean CV = 7.70 %). For experienced observe§2 t nges

from 5.21 % (d3) to 8.44 % (d4) (mean CV = 7.08 %). As fo% erienced

observer, the CV ranges from 7.19 % (d2) to 13.68 % (0&
Unlike the results for the healthy wrist where d1 p@ contribute to high

= 0.92 %).

variability, regardless of observer, here it ap t the degree of variability is
dependent on the observer. A compari fthe average CVs for the respective
observers shows that there is#o Q difference in the variability between
experienced observer 1 an xperlenced observer reveals the highest
variability. With rega @ pa measurement, the CVs for experienced observer 1 are
5.75 % (Awmrs).ald 7SR W LrRL). For experienced observer 2, the CVs are 6.80 %
(Awm 6. 342 (ALrL). As for the inexperienced observer, the CVs are 9.97 %
(AvR d 11.54 % (Acr). To some extent, similar to the healthy wrist, it may be
concluded that the measurement of Awmrs Yields consistently higher variability
compared to AcrL. This applies to experienced observer 1 and the inexperienced
observer; for experienced observer 2, the variability in the measurement of Awrs IS
comparable to ALrL. Nevertheless, between the experienced observers and the
inexperienced observer, the variation in area measurement is higher for the latter than

the former.
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It is observed that the variation is generally higher for distance and for area taken
from the healthy subject when compared to the RA subject. This may be attributed to
the difficulty in identifying the AL #5 on the healthy image. Initial inspection of the
image of the healthy wrist revealed that there was no perceivable radius leading edge
“intersecting” the medial scaphoid edge. All observers had been instructed on where
to measure AL #5, which adhered to the original definition, yet did not contrast with

the surrounding features. As a result, it is possible that the inconspicuous a ance

of this point contributed to the difficulty in executing repeated measu
such difficulty was registered by the observers for the RA image G

Overall, it appears that the repeatability is highest for ex @aserverZ itis

debatable whether the measurements taken by expe, erver 1 are any more
repeatable than the measurements taken by tQ ced observer. One may
envisage that repeatability could imprQif measurements are performed more
judiciously (as observed for %pe INCORYEbServer 2). It was noted that experienced

observer 2 dedicated appro@ to take all fifteen measurements. However, the
N 9§ S

time dedicated by expg

much shorter (a

ver effects on repeatability

erver 1; and by the inexperienced observer was

A nutes for fifteen repeated measurements).

The reS®§s for the intra-observer effects on the repeatability of distance and area
measurements made on a RA wrist are listed in Table 3. Note that the first and second

sets of results were obtained in two separate imaging sessions (24 hours apart).
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Table 3. Intra-observer effects on the repeatability of the distance and area measurement for the RA

wrist.
EO1 EO 2 10
di* 1st set (mm) 2.00 £ 0.09 2.56+0.17 2.05+£0.22
2nd set (mm) 2.08+0.13 2.54+0.13 220+0.14
p 0.069 0.70 0.03
T -1.90 0.38 -2.41
d2* 1st set (mm) 2.58+0.15 2.96 +0.17 2.54 +.18
2nd set (mm) 2.72+0.13 295+0.14 2.69 +.18
p 0.0072 0.92 0.026
T -2.91 0.11 (NS) -2.48 Q
d3* 1st set (mm) 2.99+0.20 3.22+0.17 $92
2nd set (mm) 3.16 £0.16 3.22+0.16 (\
p 0.013 1.00 66
T -2.68 -0.01 (NS) .98
d4* 1st set (mm) 3.22+0.23 3.36 = 3.15+0.26
2nd set (mm) 3.38+0.17 3.26 £0.33
p 0.031 0.162
T -2.28 -1.48
ds* 1st set (mm) 1.83+£0.16 2.09+0.16 2.17£0.30
2nd set (mm) ‘.87 .16 1.95+0.20 2.00 £0.27
p 0.049 0.12
T 2.06 1.59
de* 1st set (mm) 1.99 £0.15 1.98 £ 0.26
2nd set .70 £0.15 1.87 £0.16 1.81+£0.23
0.60 0.039 0.065
T -0.54 (NS) 2.17 1.92
sts m) 1.60+0.15 1.99+0.15 1.83+0.20
2nd set (mm) 1.63+£0.15 1.89+0.12 1.68 £ 0.17
p 0.61 0.057 0.035
T -0.51 (NS) 1.99 2.21
dg* 1st set (mm) 1.66 +0.15 2.08+0.18 1.75+0.14
2nd set (mm) 1.69+£0.14 2.02+0.10 1.68 £ 0.17
p 0.59 0.31 0.25
T -0.55 (NS) 1.03 1.18
AmRrs 1st set (mm?) 59.95 + 3.45 68.08 + 4.63 59.70 £ 5.95
2nd set (mm?) 63.13 + 2.54 67.46 + 4.42 58.74 + 4.08
p 0.027 0.744 0.549
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T -2.47 0.33 (NS) 0.61

ALrL 1st set (mm?) 23.02+1.81 26.50 + 1.64 25.40 + 2.93
2nd set (mm?) 23.33 +1.87 25.50 +1.72 24.00 + 1.99

p -0.698 0.105 0.138

T -0.40 (NS) 1.74 1.58

* d1 to d8 refers to the locations where the distance measurement were made. T refers to the t-test
statistic. NS denotes not statistically significant (p > 0.05). EO and 10 denote experienced and

inexperienced observers, respectively. The 1st and 2nd sets of values were taken in two separate

\

L 2
Overall, there were no significant differences (p > 0.05) in the dis‘ surement

sessions.

between the 2 sets of results in 5 out of 8 locations (i.e. d . Eperienced
observer 2 yielded marginally better results, yet the@ significant differences
(p > 0.05) in the distance measurement in 7 out 0 ns. The inexperienced

observer obtained results which showwnifl nt difference (p > 0.05) in 5 out

of 8 locations (similar to experien
N -observation has an effect on distance

not a strong basis to conclud
measurement. From a | rspective (i.e. d1 to d8), these observations suggest

e 1). Given the mixed results, there is

that there isno s t d for accepting the null hypothesis and the results were
independentel [0%gi@f. In other words, location has no effect on the results.
Wit ds to the area measurement, the results of experience observer 1 show that

there was ho significant difference (p > 0.05) in the measurement of Arrt, but not for
Awmrs. However, the results of experience observer 2 and the inexperienced observer
all yielded no significant difference (p > 0.05) in the measurement of Avrs and ArrL.
With the exception of the experienced observer 1 (where Awmrs is concerned), it may

be concluded that intra-observer effects have little effect on area measurement.
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3.5 Inter-observer effects on reproducibility

The results for the inter-observer effects on the reproducibility of distance and area
measurements made on a RA wrist are listed in Table 4, by the two experienced
observers. With regards to distance measurement, there were no significant
differences (p > 0.05) in the measurement between the results of the two observers in
4 out of 8 locations. No significant differences in measurement were found at
locations d3 to d6. With regards to area measurement, there was no signifi

difference (p > 0.05) in the measurement of Awvrs by the two e@eri Vers,

but this is not true for ArL. Additionally, the conclusions esta s\ e t-tests
; C

are consistent with the results shown for the respective C& are large where

significant differences are observed (but small whe@
observed). A

What could be a possible cause of the repancies in the results from both

icant differences are

observers? Here we noted th# on®gf th®gpservers autonomously applied additional

image enhancement methocgl(e.g-QgIOr and contrast) before taking every

measurement. In hin e might then suggest that all observers should have
adopted the sam e cement methods. Additionally, for distance

meas Qe CVs at d1; d5; d6; d7; and d8 are all =10 %. This may be because
the ¢ fitted to the bony margin of the radioscaphoid and radiolunate differ at the

end points to the curves produced by the observers for ALs #1, #2, #5 and #6.
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Table 4. Inter-observer effects on the reproducibility of the distance and area measurement for the RA

wrist.
Mean £ SD Mean£SD  Mean£SD (mm) Overall CV% 0 -
(MM)EO1  (mm)EO?2 (EO1&?2) (EO1&?2)
di* 2.08 +0.13 2.54 +0.13 2.31+0.27 11.63 0 -11.21
d2* 2.72+0.13 2.95+0.14 2.84+0.16 6.20 0 -4.58
d3* 3.16 £0.16 3.22+0.16 3.19+0.16 4.89 0.305 -1.06
d4* 3.38+0.17 3.36 £ 0.16 3.37+£0.17 4.94 0.67 0.44
ds* 1.87+£0.16 1.95+0.20 1.91+0.18 9.32 0.192 -1.37
d6* 1.70£0.15 1.87 £0.16 1.79+0.18 9.85 0. 6
d7* 1.63+£0.15 1.89+£0.12 1.76 £0.19 10.53
dg*  1.69+0.14  2.02+0.10 1.85+0.21 11.2%
Mean + SD Mean + SD Mean = SD (mm?)  Overal
(MM)EO1  (mm?)EO 2 (E0O1&2) (
Amprs 63.13+256 67.46+4.42 65.30 +4.18 6.4 0.07 -3.13
Ailr. 23.33+1.87 2550+1.72 24.42 +2.09 8.53 0.02 -3.92

* d1 to d8 refers to the locations where the distance measu
10 denote experienced and inexperienced obsgvers, respec

at all locations were repeated for fifteen ti

3.6  Suggestion for f

In principle, all

high

inter

or ry observer.

e made (see Chapter 3). EO and

y. T is the t-test statistic. Measurements

otocol must be strictly adhered so as to ensure the

I onsistency in the results. In practice, discrepancies do arise from

Intra-observer effects. Given that only three observers were used in this

preliminary study, it is not clear if one could conclude that experienced observers

fared better than inexperienced observer. Nevertheless, it must be pointed out that the

CVs from the experienced observers are ~10% or less (with one or two exceptions).

In comparison, the variabilities found in the repeatability study of James et al. [4]

were generally twice as much as those reported in this present study, although James
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and co-workers had reportedly employed a much more sophisticated thresholding

method in their computerized image analysis method.

At present, visual inspection is employed to decide the optimal order for the fitting of
the polynomial function to the points demarcating the bony margins. It may be
necessary to quantify the optimization method in order to provide a more accurate
determination of the order of fit. A method suggested by Dacre et al. [5] to determine
the optimal number of points to fit a curve may be modified for the deterrghatig of
the order of fit. Alternatively, a method involving both curve-fi‘ing Iding

of edges may be employed as suggested by James et al. [4]. 'IéN ay ensure

a more accurate delineation of the bony margin.

Currently, the number of points implemented to i e@ bony outline of the

radiocarpal JS are chosen out of convenienc also limited by the size of the
joint space. In turn, the number of poi%also determines the order of the
polynomial function. In consﬂer n oTgese two variables (hnumber of points and
order of the polynomial fu ould be interesting to determine quantitatively

the optimal number o for any fixed order) needed to achieve consistent

distance and a s e
Thg &he anatomical locations has not been properly addressed in this

work. PRliminary results from the study of inter-observer effects on reproducibility

(section 3.5) implicate the contribution of the positions of anatomical locations at #1,
#2, #5 and #6 to the discrepancy in the readings. It may warrant further investigation

to find out how the position of each of these locations will influence the final results.

The method to select locations within each compartment of the radiocarpal JS for

distance measurement may require further modifications. A limitation of the method
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is that it relies on the image’s Cartesian coordinate axes. Here, the vertical axis of the
image (as seen on a display screen, with the hand’s axis upright) is in the direction of
motion of the X-ray source. The locations for distance measurements are then found
with respect to the horizontal axis (section 2.2). The standard scanning protocol
requires that the hand be positioned with its arm’s axis parallel to the direction of the
scan motion for consistent results [5]. In practice it cannot always be ensured that the
arm’s axis is precisely positioned is such a manner. In this respect, results oed on
subsequent scans may not be comparable or reproducible. A viable al method

L 4
would be to determine equally spaced points along the fitted radix ing one

end of the curve as the origin.
The accuracy tests conducted in this work may war & improvement. A

dedicated microscope (as already suggested Ry JaRges . [4]) and a tracing paper
designed with much smaller square g re necessary prerequisites for establishing a

more precise (smaller variabwty) ucRy{ te expected value obtained from the direct

manual method. K\

In the repeatability te @ pare readings obtained on two separate occasions
(section 3.4), reyits appeared to suggest that additional pre-processing
ima cogent methods led to a smaller variability. Further tests involving more
exper@ed observers employing similar additional pre-processing image

enhancement methods will be needed to assess to this claim.

In the reproducibility test to investigate the precision of WRISTJS, preliminary results
suggest that different pre-processing image enhancement methods between two

experienced observers may have led to different final results (section 3.5). Future
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reproducibility investigations would have observers employing similar pre-processing

image enhancement methods to ensure that the results are more comparable.

As in all protocols related to radiographic assessment, there should be checks along
the way to minimise inconsistency. For instance, a longer duration could be
designated (i.e. one week, see Harvey et al. [13]) between two assessment sessions.
Also, we should ask if the results could be improved. For instance, reduce the
variability by providing feedback to the operator immediately after each sgfSI0Mgo as

to help the operator reflects on their approach. .

Anatomical locations #5 and #6 are found along the medial % d lateral
on” e

lunate respectively. These are determined by the “inters

edge with the respective carpal bone margin. “In r@ is a misnomer here

because the radiographic image is a projectiofg and basically shows the

overlapping of the radius bone with th%bones. Consequently, it must be

emphasized that in severe RAwriqg theNydial bone may overlap extensively with the

radius leading

carpal bones. In order for ¢ let ineation of the carpal bony margin there is a

thirteenth point whic @
A point withi t@sp

over radius curve in the event that the joint space becomes too narrow.

-way between the carpal tangential locations #3 and #4.

is necessary to ensure that the curve generated will not

The acCRgacy of the measurement is reflected by the systematic errors in the
measurement (section 3.2). WRISTJS includes a calibration procedure which attempts
to correct for systematic errors arising from image distortion (caused by the geometry
of the fan-beam X-ray). This is done by taking mean calibration measurements
obtained from different parts of an image of a grid phantom. With regards to the

method of measurement, the polynomial curve-fitting technique for delineating bony
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margins should be re-visited. Determining the optimal order of the polynomial
function by visual inspection is key to minimizing systematic errors arising from the

curve-fitting technique [5, 9].

4  Conclusion

We have demonstrated the feasibility of a digital image processing protocol for
measuring JS in the radiocarpal region of the wrist from radiographic images. The
protocol was implemented by a computer algorithm, featuring an interactiqg use
interface, executed on the IDL platform. The overall protocol cemp @ image

processing stage; the identification of anatomical locations; % econdary

points, within the JS and the determination distance andﬁ ntom was used to

assess the accuracy and precision of the protocol, P@ry studies were carried out
on DXA images of a healthy wrist and a RAQhree observers participated in
this study. Tests were carried out to st he effects of inter-observer on the
repeatability of the protocol, #s as tyeffects of intra-observer on both the
repeatability and reproducilfg@ity oMge protocol. For the accuracy and precision study;

and for the repeatabilt pproducibility study the variabilities were found to be

about 10% or le gings, in addition to the versatility and simplicity of the
digit e Malysis protocol, lend to the potential for further studies such as using
the p ol to complement the acquisition of bone mineral density data derived from

DXA for diagnosing the progression of the RA in patients.
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