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Abstract

Objective To report on intra-observer, inter-observer, and
inter-method reliability and agreement for radiological
measurements used in the diagnosis of hip dysplasia at
skeletal maturity, as obtained by a manual and a digital
measurement technique.

Materials and methods Pelvic radiographs from 95 partic-
ipants (56 females) in a follow-up hip study of 18- to 19-
year-old patients were included. Eleven radiological meas-
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urements relevant for hip dysplasia (Sharp’s, Wiberg’s, and
Ogata’s angles; acetabular roof angle of Tonnis; articulo-
trochanteric distance; acetabular depth-width ratio; femoral
head extrusion index; maximum teardrop width; and the
joint space width in three different locations) were
validated. Three observers measured the radiographs using
both a digital measurement program and manually in
AgfaWeb1000. Inter-method and inter- and intra-observer
agreement were analyzed using the mean differences
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between the readings/readers, establishing the 95% limits of
agreement. We also calculated the minimum detectable
change and the intra-class correlation coefficient.

Results Large variations among different radiological mea-
surements were demonstrated. However, the variation was
not related to the use of either the manual or digital
measurement technique. For measurements with greater
absolute values (Sharp’s angle, femoral head extrusion
index, and acetabular depth-width ratio) the inter- and intra-
observer and inter-method agreements were better as
compared to measurements with lower absolute values
(acetabular roof angle, teardrop and joint space width).
Conclusion The inter- and intra-observer variation differs
notably across different radiological measurements relevant
for hip dysplasia at skeletal maturity, a fact that should be
taken into account in clinical practice. The agreement
between the manual and digital methods is good.

a
ADR = (A/B)*100
\

teardrop line
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Introduction

A \\\

Hip dysplasia is a common condition in infancy and
FHEI=(A/B)*100

childhood and accounts for as many as one-fourth of total N
hip replacements in patients younger than 40 years of age \ N

[1]. The diagnosis is based on the history and physical
examination of the patient, supplemented with radiological
findings [2, 3]. A correctly performed pelvic radiograph
with corresponding measurements is fundamental for the
radiological diagnosis. The center-edge (CE) angle of
Wiberg [4], Sharp’s angle [5], the acetabular depth-width
ratio [6, 7] and the femoral head extrusion index [8] are

teardrop line

Fig. 1 a The acetabular anatomy is assessed by three measurements. (1) p»
Sharp’s angle is defined as the angle between the horizontal teardrop line
and a line through the inferior teardrop point and the lateral rim of the
acetabulum. (2) The acetabular roof angle of Tonnis (AA) describes the
angle between the horizontal teardrop line and a line drawn through the
medial point of the sourcil and the lateral acetabular rim. (3) The
acetabular depth-width ratio (ADR) defines the ratio of the distance
between the inferior teardrop point and the lateral acetabular rim, and the
depth of the acetabulum. b The position of the femoral head to the
acetabular cavity was defined using Wiberg’s center-edge (CE) angle, a
modification of this (Ogata’s angle), and the femoral head extrusion
index (FHEI). The CE angle was defined as a line through the center of
the femoral head and perpendicular to the horizontal teardrop line, and a
line running from the center of the femoral head through the lateral
acetabular edge (Ogata’s angle differs slightly from this by using the
lateral edge of the sourcil). FHEI was defined as the percentage of the
femoral head lying medial to the lateral acetabular edge. ¢ The joint
space width (JSW) was measured in three places: medial, middle, and
lateral. We also measured the maximum width of the teardrop. The
articulotrochanteric distance (ATD) was assessed as the distance between
the tangents normal to the long axis of femur to the superior margin of
the trochanter major and to the superior contour of the femoral head

ATD

Long axis
of the femur
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commonly used radiographic indices of hip dysplasia.
However, the reported accuracy and reproducibility of
these radiological markers differ substantially, reflecting
differences in imaging techniques and in the definition of
measurements used [9—12]. In most PACS systems, several
of the measurements used are time-consuming and cum-
bersome. We therefore set out to investigate the feasibility
and repeatability of a digital measurement program for hip
dysplasia at skeletal maturity, the “Adult DDH” [12], and to
compare the results to manual measurements.

Patients and methods
The radiographs

One hundred pelvic radiographs from a follow-up hip study of
18- to 19-year-old patients were included [mean age 18.3 (SD
0.5) years, 59 females]. All examinations were performed at
Haukeland University Hospital (Norway), by one specifically
trained radiographer, during the period February 2007 to
February 2009 according to the following protocol: erect,
anterioposterior (AP) view, feet pointing forward and
somewhat parted with the femurs approximately parallel,
film-focus distance 1.2 m, centered 2 cm above the pubic
symphysis. The dataset was balanced by oversampling

Fig. 2 The radiological land-
marks in the digital program
Adult DDH were set manually
by using a curser. In total 46
landmarks were marked and the
results were automatically
transferred to an Excel sheet

dysplastic hips as judged by an experienced pediatric
musculoskeletal radiologist (K.R.), who did not take part in
the readings. Five out of 100 radiographs were impossible to
digitize due to technical problems and were therefore
excluded, leaving 95 radiographs for the final analyses.

The pelvic radiographs (DICOM format) were stored
within the departmental PACS system before being transferred
to a local PC. The images were subsequently opened in the
digital measurement program “Adult DDH” (University of
Iowa Hospitals and Clinics, Iowa City, Iowa, USA) [12].

All the radiographs (right and left hips) were measured four
times (twice using the digital program Adult DDH and twice
manually using the AgfaWeb1000 system) by each of two
researchers ((L.B.L., .0.E) independently with an interval of
at least 3 weeks. Both observers were masked for additional
data. A third observer (T.G.L.) measured all images three
times, twice using the digital technique and once using the
manual AgfaWeb1000 system. Before performing the meas-
urements, all three observers agreed on the precise definitions
of landmarks to be used for all the measurements, according
to descriptions from the original literature [4-8, 13—19].

Radiographic parameters

Eleven different radiographic measurements were examined.
A reference line was drawn between the inferior points of the

STAENDE ve
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teardrops (horizontal teardrop line). Sharp’s angle [5], the
acetabular roof angle of Toénnis (AA) [13-15], and the
acetabular depth-width ratio (ADR) [6, 7] describe the
acetabular anatomy (Fig. la). The position of the femoral
head to the acetabular cavity was assessed by the Wiberg’s
center-edge (CE) angle [4], a modification of this (Ogata’s
angle) [16], and Heyman and Herndon’s femoral head
extrusion index (FHEI) [8] (Fig. 1b). We also measured the
maximum width of the teardrop [17]; the joint space width
medially, laterally, and in the middle [19]; and the articulo-
trochanteric distance (ATD) (Fig. 1c). In the digital program,
the ATD was assessed as the distance between the tangents
normal to the long axis of femur to the superior margin of
the trochanter major and to the superior contour of the
femoral head [18]. For manual measurements, the ATD was
measured as the distance between a horizontal line between
the superior margin of the trochanter major on both sides and
a perpendicular to this line to the superior margin of the
femoral head. In a population with predominately normal
hips and where the pelvic radiographs are taken with
approximately parallel femurs, there is only a minor
difference in these two measuring techniques, and to
illustrate this, one of the observers (I.GJ.E.) used both the
techniques in the second session of manual measurements.

Digital measurements

Forty-six different radiological landmarks were set manu-
ally by using a curser (Fig. 2), allowing the program to
estimate the 11 radiological measurements. When measur-
ing short distances such as joint spaces, a standard
magnification was applied, allowing for a more precise
determination of the measurement points. All measure-
ments were automatically transferred into an Excel sheet at
the end of each patient measured.

Manual measurements in AgfaWeb1000

All the manual measurements were performed in Agfa-
Web1000 in a standardized order and at a standardized
magnification. Both angles and length measurements were
estimated using the standard program tools. The center of
the femoral head was localized using Mose’s templates: a
transparent plastic sheet with concentric, high definition
circles. The radiological measurements corresponded to
those recorded in the digital program, and the measurement
values were manually transferred to an Excel sheet during
the measuring process.

Statistical analysis

The limits-of-agreement method was used to examine the
mean difference between the digital and the manual

@ Springer

Table 1 Intra-observer variability—digital measurements

Observer 3

Observer 2

Observer 1

ICC MDC

95% Limits

Mean

Mean

ICC MDC Mean

95% Limits

Mean

Mean

ICC MDC Mean

95% Limits

Mean

Mean
2

Mean

of agreement

difference
(SD)

of agreement

difference
(SD)

of agreement

difference
(SD)

3.1

(-3.50; 2.45) 0.91

—0.53 (1.52)
0.57 (1.85)

41.76
27.75

41.23

28.32

2.9
4.2

0.93
0.

(-2.59; 3.10)

40.96  40.70 0.26 (1.45)
29.45 0.01 (2.14)

2.9

0.92
0.94

(-2.82; 3.08)

40.62  0.13 (1.50)
30.83

40.74

Sharp’s angle

096 3.8

(-3.06; 4.21)

95

(—4.18; 4.20)

29.46

4.8

(—5.32; 3.80)

—0.76 (2.33)

30.07

Wiberg’s CE

angle
Ogata’s

5.6

0.93

—0.97 (2.70) (~6.25; 4.32)

3.6 25.68  26.65

0.97

(-3.73; 3.57)

28.86  —0.08 (1.86)

53 28.78

(—14.94; 15.34) 0.93

0.20 (7.73)

26.33

26.53

angle
Teardrop
AA
ATD
A

0.78 2.7

(-2.39; 2.86)
(-5.29; 5.92)

6.82  0.24 (1.34)
6.90 0.32 (2.86)
222 0.02 (0.14)

281.09 280.24 0.84 (18.85)

05
7.21
2.24

2.0 7.

0.87

(-1.93; 2.13)

779 0.10 (1.04)
6.70  0.54 (2.80)

69
7.25
223

7.
283.67

1.7
6.1

0.87

(-1.49; 1.91)

770 0.21 (0.87)
632 0.09 (3.15)

7.91
6.42
2.19

090 5.6

(-0.26; 030) 0.97 0.28

5.6

0.89
0.94

(~4.95; 6.04)

0.84
0.93

(-6.08; 6.27)
(=0.37; 0.46)

0.37

(~0.41; 0.29)
(-29.17; 30.60)

(-8.87; 7.88)
(~1.49; 1.43)

~0.06 (0.18)

282.96 0.71 (15.25)

2.29

0.42
45.7

0.05 (0.21)

2.15

295.70  295.01

(-0.26; 0.30) 0.89 36.8

092 29.8

0.

(—45.26; 46.64)  0.81

0.69 (23.44)

DR

088 7.5
0.53
0.63
0.75

(-3.81; 8.32)
(~1.94; 2.08)

(-1.46; 1.25)

2.26 (3.10)
0.07 (1.03)

85.17 8291

8.4
1.5

88

~0.49 (4.27)
~0.03 (0.75)
~0.08 (0.59)

5.80 0.15(0.82)

88.65

88.16

53
23

0.93
0.52
0.37
0.58

(-5.28; 5.27)
(=2.18; 2.45)

84.60  0.00 (2.69)
(-1.79; 1.72)
(-2.31; 2.32)

84.59

FHEI

2.0

4.00 3.93

3.89
5.20

0.74
0.73
0.80

4.19
3.87

4.16
3.80

464 0.14 (1.18)
3.40

4.47
3.36

JSW medial
JSW middle

JSW lateral

1.4

~0.10 (0.69)
~0.29 (0.82)

3.99
5.49

1.2
1.6

(—1.24; 1.08)

1.7
23

~0.04 (0.89)

1.7

(-1.89; 1.31)

(-1.45; 1.75)

95

S.

499 0.01 (1.18)

00

5.

AA Acetabular roof angle of Tonnis, ATD articulo-trochanteric distance, ADR acetabular depth-width ratio, JSW joint space width, /CC intraclass correlation coefficient, MDC minimum detectable

change, SD standard deviation
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measurement techniques (inter-method variability) and also
to consider the variability in differences across observers
(intra- and inter-observer variability) [20—22]. We obtained
the differences between measurements by the two techni-
ques for each individual and calculated the mean and the
standard deviations of the difference distribution. When
calculating the inter-observer and inter-method differences,
we first calculated the mean for each method/observer on
each subject and used these pairs of means to compare the
two methods/observers. In these cases the standard devia-
tion had to be recalculated as the standard deviation of the
differences was too small, because some of the effect of
repeated measurement error had been removed. The
corrected standard deviation of differences was given by

\/ S% + (1 — L) S+ (1 - L) S2, where Sp represented

my my

the standard deviation of the mean difference between the
methods, S; and S, the within-subject standard deviation
for each method separately, and m; and m, the number of
observations on each subject for the respective methods.
The 95% limits of agreement were estimated as mean
difference between the two measurements +£1.96 standard
deviations (SD). The assumption that the agreement was
similar over the range of measurements was checked by
plotting the differences against the average of the two
methods. The results are given for the right hip.

Replicate measurements by each technique on each
individual were obtained to compare repeatability of the
two methods [21]. For each technique (manual and digital)
and for each observer, the inter-observer reliability was
expressed in terms of the intra-class correlation coefficient
(ICC) calculated using a one-way random effect ANOVA
table [formula ICC (1)] [23]. For each observer, the inter-
method reliability was also expressed in terms of ICC

Table 2 Intra-observer variability—manual measurements

calculated using two-way random effect ANOVA table
[formula ICC (A,1)] [23]. The ANOVA tables used for ICC
indices were used to calculate minimum detectable change
(MDC) as indicated by de Vet and colleagues [24]. More in
detail MDC = 1.96 - /2 - SEM where SEM is the standard
error of measurement, calculated as the square root of mean
square error (MSE) within ANOVA tables.

The statistical package PASW Statistics 18 for Microsoft
Windows® (Microsoft, Redmond, WA) and Stata Statistical
Software, Release 11 (StataCorp., 2009, College Station,
TX) were used for the statistical analysis.

Ethics approval

The study was conducted in accordance with the ethical
standards of the Regional Ethics Committee for Medical
and Health Research. The research protocol was approved
by the regional ethics committee according to standard
regulations. All participants gave written informed consent
according to the Helsinki Declaration.

Results

A total of 95 pelvic radiographs were measured manually
(five repetitions) and digitally (six repetitions) by three
observers, independently. The results of the radiographic
measurements with mean, mean difference, standard deviation
of'the difference, 95% limits of agreement, ICC, and MDC are
listed in Tables 1, 2, 3, 4, 5.

For both techniques under investigation, the overall
intra- and inter-observer variability differed substantially
between the different measurements obtained (Fig. 3) with
low levels noted for Sharp’s angle (Fig. 4a) and high levels

Observer 1 Observer 2

Mean  Mean  Mean difference  95% Limits of ICC MDC Mean Mean  Mean difference 95% Limits of ICC MDC

1 2 (SD) agreement 1 2 (SD) agreement
Sharp’s angle 41.10 40.84 0.25(2.43) (—4.51; 5.01) 0.83 438 41.22 4094 0.28 (1.73) (—3.11; 3.68) 0.89 34
Wiberg’s CE angle  29.23  29.80 —0.58 (1.46) (—3.44; 2.28) 097 3.1 29.78  30.35 -0.57 (4.12) (—8.65; 7.50) 0.84 8.1
Ogata’s angle 27.04  26.34 0.70 (1.93) (—3.08; 4.48) 096 4.0 2894  29.80 —0.86 (4.10) (—8.90; 7.17) 085 82
Teardrop 7.58 7.55 0.04 (0.43) (—0.80; 0.88) 097 0.8 7.41 723 0.18 (1.41) (—2.59; 2.95) 0.77 2.8
AA 9.02 8.04 0.98 (1.22) (—1.42; 3.38) 095 3.1 6.81 7.28 —0.47 (3.82) (=7.95; 7.01) 0.80 7.5
ATD 232 2.24 0.08 (0.15) (—0.22; 0.38) 095 033 2.34 2.34 0.00 (0.09) (—0.18; 0.18) 0.99  0.18
ADR 296.56 308.42 —11.85(21.07) (-53.15;29.44) 0.72 472 290.21 286.14 4.07 (22.57) (—40.16; 48.30) 0.80 44.7
FHEI 84.04  84.18 —0.14 (2.11) (—4.28; 4.00) 095 4.1 83.58  83.79 -0.21 (4.91) (—9.83; 9.42) 0.79 9.6
JSW medial 4.70 4.52 0.18 (0.62) (—1.04; 1.40) 079 13 4.36 422 0.14 (0.71) (—1.26; 1.54) 0.71 1.4
JSW middle 4.07 3.84 0.23 (0.42) (—0.58; 1.04) 0.81 0.9 4.09 420 —0.11 (0.65) (—1.39; 1.17) 0.57 1.3
JSW lateral 5.51 5.12  0.39 (0.68) (-0.93; 1.71) 0.74 15 547 5.67 —0.20 (0.93) (—2.03; 1.62) 0.69 19

AA Acetabular roof angle of Tonnis, ATD articulo-trochanteric distance, ADR acetabular depth-width ratio, JSW joint space width, /CC intraclass

correlation coefficient, MDC minimum detectable change, SD standard deviation
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Table 3 Inter-observer variability—digital measurements

Mean Mean difference (SD) 95% Limits of agreement ICC MDC

Observer Observer Observer Observer Observer Observer Observer 1-2 Observer 1-3 Observer 2-3

1 2 3 1-2 1-3 2-3
Sharp’s angle 40.68 40.83 4149 -0.15(1.77) —0.81 (2.10) —0.66 (1.73) (-3.61; 3.32) (—4.93; 3.31) (—4.05; 2.72) 0.89 35
Wiberg’s CE 30.45 29.46 28.04  0.99 (3.27) 2.41 (3.45) 1.42 (2.54) (-5.41; 7.39) (—4.36; 9.18) (—3.55; 6.39) 091 5.7

ngl

ogaé’z angle 26.43 28.82 26.16  —2.39 (2.90) 0.27 (3.02) 2.66 (2.74)  (-8.07; 3.28) (=5.66; 6.19) (—2.71; 8.03) 093 55
Teardrop 7.80 7.74 6.93 0.06 (1.22) 0.87 (1.17) 0.81 (1.26)  (-2.32; 2.44) (—1.42; 3.16) (—1.65; 3.27) 081 23
AA 6.37 6.97 7.05 —0.61 (3.20) —0.69 (3.40) —0.08 (2.98) (—6.87; 5.66) (=7.35; 5.98) (-5.92; 5.76) 0.86 6.2
ATD 2.17 2.26 223 -0.09 (0.21) —0.06 (0.19) 0.03 (0.17) (-0.51; 0.32) (-0.43; 0.31) (-0.31; 0.38) 095 0.37
ADR 295.36 283.31 280.67  12.04 (23.90) 14.69 (23.74) 2.65 (19.32) (—34.79; 58.88) (—31.84; 61.22) (—35.22;40.52) 0.84 429
FHEI 84.59 88.40 84.04 -3.81(5.58) 0.56 (4.21) 437 (4.70) (-14.76; 7.14)  (=7.70; 8.81) (—4.84; 13.58) 0.84 89
JSW medial 4.41 4.18 397 023 (1.07) 0.44 (1.16) 0.21 (1.01)  (-1.86; 2.32) (—1.84; 2.71) (-1.78; 2.19) 0.53 2.1
JSW middle 3.38 3.84 394 —0.46 (0.89) —0.56 (0.89) —0.10 (0.71) (=2.19; 1.28) (—2.30; 1.18) (-1.50; 1.29) 049 1.6
JSW lateral 5.00 5.88 535 -0.88 (1.05) —0.35(1.03) 0.53 (0.92) (-2.95; 1.19) (-2.37; 1.67) (—1.28; 2.34) 069 19

AA Acetabular roof angle of Tonnis, ATD articulo-trochanteric distance, ADR acetabular depth-width ratio, JSW joint space width, /CC intraclass
correlation coefficient, MDC minimum detectable change, SD standard deviation

noted for the AA (Fig. 4b). Measuring time was shorter for
the digital (approximately 2 min) compared to the manual
technique (approximately 5 min 30 s).

Intra-observer variability

Low levels of intra-observer variability were noted for
Sharp’s angle and for FHEI, with differences below 10% of
their mean values (Tables 1 and 2 and Fig. 4). In general,
high levels of variability were noted for smaller values such
as the AA, JSW, and maximum teardrop width. The two
techniques showed similar patterns of variability across
measurements.

Table 4 Inter-observer variability—manual measurements

Inter-observer variability

The inter-observer variability did not differ substantially
from that found within observers and also displayed similar
patterns across measurements (Tables 3 and 4). Low levels
of inter-observer variability were found for ATD, Sharp’s
angle, and FHEI, while high levels were seen for AA.

Inter-method variability—digital vs. manual measurements
The inter-method variability (Table 5) did not differ

substantially from that found between or within observers.
The 95% limits of agreement were narrower for measure-

Mean Mean difference (SD) 95% Limits of agreement ICC MDC

Observer Observer Observer 3 Observer Observer Observer Observer 1-2 Observer 1-3 Observer 2-3

1 2 1-2 1-3 2-3
Sharp’s angle 40.97 41.08 40.61 -0.11 (2.42) 0.36 (2.42) 0.47 (1.92) (-4.85; 4.63) (—4.38; 5.10) (—3.30; 4.23) 083 4.4
Wiberg’s CE 29.51 30.06 3043  —-0.55(4.29) -0.91 (4.07) —0.36 (3.98) (—8.96; 7.86) (—8.89;7.07) (-8.17; 7.44) 0.84 7.8
O;Ztgal’z angle 26.69 29.37 30.06  —2.68 (3.82) —3.37(3.48) —0.69 (4.02) (-10.17; 4.82) (-10.19; 3.46) (-8.56; 7.18) 088 7.2
Teardrop 7.57 7.32 6.48  0.25(1.38) 1.14 (1.00) 0.94 (1.29) (-2.46; 2.96) (-0.82; 3.10) (—1.58; 3.47) 079 24
AA 8.53 7.05 7.49 1.48 (3.44) 1.04 (2.56) —0.44 (3.74) (-5.26; 8.23) (—3.97; 6.05) (=7.76; 6.88) 083 6.3
ATD 2.28 2.34 234  —0.06 (0.14) —0.07 (0.14) 0.00 (0.08) (=0.34; 0.21) (=0.34; 0.20) (=0.17; 0.16) 098 0.24
ADR 302.49  288.17 282.30 14.32 (25.02) 20.19 (24.82) 5.88 (21.26) (—34.71; 63.35) (—28.46; 68.85) (—35.80;47.55) 0.77 454
FHEI 84.11 83.68 81.99  0.43 (4.53) 2.12 (3.89) 1.69 (4.53) (-8.45;9.31) (—5.51; 9.74) (-7.18;10.56) 082 8.4
JSW medial 4.61 4.29 437  0.32(0.96) 0.24 (0.95) —0.08 (0.82) (—1.55;2.20) (—1.62; 2.10) (—1.68; 1.52) 057 1.7
JSW middle 3.95 4.15 448  —0.20 (0.79) —0.53 (0.69) —0.34 (0.70) (—1.74; 1.35) (—1.88; 0.81) (—1.70; 1.03) 055 14
JSW lateral 5.31 5.57 559  —-0.26(0.97) -0.28 (0.94) —0.02 (1.00) (-2.15; 1.64) (-2.12; 1.56) (—1.99; 1.95) 0.65 1.8

AA Acetabular roof angle of Ténnis, A7D articulo-trochanteric distance, ADR acetabular depth-width ratio, JSW joint space width, /CC intraclass
correlation coefficient, MDC minimum detectable change, SD standard deviation
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Table 5 Inter-method variability—digital vs. manual measurements

Observer 3

Observer 2

Observer 1

95% Limits of ICC MDC

agreement

Mean

95% Limits ICC MDC Mean Mean

Mean

95% Limits ICC MDC Mean Mean

Mean
manual difference

Mean

Mean

manual difference

digital

of agreement

manual difference

digital

of agreement

digital

(SD)

(SD)

(SD)

3.0
4.9

0.89
0.92

(=2.20; 3.97)

40.61 0.88 (1.57)

30.43
30.06

41.49
28.04

26.16

0.89
0.89

0.89

(-3.98; 3.48)
(-7.31; 6.10)
(-7.65; 6.56)
(-2.24; 3.08)

—0.25 (1.90)
-0.61 (3.42)
~0.55 (3.62)

41.08
30.06
29.37

40.83

4.1

0.86

029 (2.16) (~4.53; 3.95)

0.94 (2.92)

40.97

40.68

Sharp’s angle

(~7.86; 3.08)

-2.39 (2.79)
-3.89 (3.25)

6.5
6.7
2.5
6.6
0.60

29.46
28.82

5.1
5.8
1.7
5.0
0.50

0.92

(-4.80; 6.67)
(-6.57; 6.04)

(-1.62; 2.10)
(-7.39; 3.07)

29.51

30.45
26.43

Wiberg’s CE angle
Ogata’s angle

6.0
2.6
6.1

0.57

0.89
0.73
0.83

0.83

(~10.26; 2.47)
(=2.04; 3.06)

0.92

—0.26 (3.22)

7.57 0.24 (0.95)

26.69

6.48 0.51 (1.30)

7.00
7.05

0.81
0.

732 0.42 (1.36)

7.74
6.97
2.26

283.31

0.88
0.88

0.89

7.80
6.37

2.
295.36 302.49

Teardrop

AA
ATD

(-6.78; 5.91)

-0.43 (3.24)
~0.12 (0.34)

-1.63

7.49
2.35

85
85

(-7.02; 6.88)

—0.07 (3.55)
~0.08 (0.35)

—4.86

7.05
2.34

288.17

—2.16 (2.67)
~0.11 (0.29)

-7.13

8.53
2.28

(-0.78; 0.55)

23
280.67 282.30

2.

0.

(-0.77; 0.62)

(—47.62;

(~0.68; 0.46)
(-62.87;

17

0.82 403

(—43.49;

0.86 39.1

0.72 51.2

ADR

40.23)

(21.36)
81.99 2.05 (4.09)

37.91)
(-5.64; 15.09)

(-2.18; 1.95)
(-1.86; 1.24)

(-1.78; 2.39)

(21.82)

83.68 4.72 (5.29)

48.60)
(-6.08; 7.05)

(28.43)
0.48 (3.35)

0.84 72

0.44

(-5.98; 10.07)
(-2.43; 1.63)

84.04

10.6

0.78
0.52

88.40

6.0

2.1

91

0.

84.11

84.59

FHEI

2.0
1.5
1.9

~0.40 (1.03)
—0.55 (0.78)

4.37
4.48

3.97
3.94
5.88

1.9
1.4
1.8

~0.11 (1.05)
—0.31 (0.79)

4.29
4.15

4.18
3.84
5.88

0.51
0.45
0.

(-2.47; 2.06)
(-2.30; 1.16)

-0.21 (1.16)
—0.57 (0.88)
-0.32 (1.12)

4.41
33

JSW medial
JSW middle
JSW lateral

0.54
0.65

(=2.08; 0.99)
(0.31; 0.31)

0.57
0.

1.6

2.1

3.95
53

8

70 5.57 031 (0.00)

557 031 (1.06)

60

(-2.51; 1.88)

1

5.00

AA Acetabular roof angle of Tonnis, ATD articulo-trochanteric distance, ADR acetabular depth-width ratio, JSW joint space width, /CC intraclass correlation coefficient, MDC minimum detectable

change, SD standard deviation

ments with greater absolute values such as Sharp’s angle,
FHEI, and ADR.

Discussion

Radiographic measurements are important in diagnosing
hip dysplasia. We have shown that the accuracy of
commonly used measurements at skeletal maturity is
relatively similar for a novel digital technique as compared
to the routine, manual technique. However, the measure-
ment variation differed notably across the different radio-
logical measurements. We found Sharp’s angle and FHEI to
be the more accurate, but acceptable results were also seen
for Wiberg’s CE angle, ATD, and ADR, with only minor
differences according to the technique used.

The strengths of our study are the high numbers of
repeated measurements and the number of observers, the
thorough standardization process performed prior to study
start, the relatively balanced data set, and the different
statistical approaches used. All images were measured
independently by three observers, a total of 11 times,
providing a strong basis for reproducibility analyses. The
pelvic radiographs were collected from a population
based cohort of 18- to 19-year-olds who were attending
a follow-up hip study on hip dysplasia. All examina-
tions were performed within the same radiology depart-
ment by one specially trained radiographer and
according to a carefully discussed protocol. Prior to
the study start, the original literature on all measure-
ments was studied in detail, and all measurements were
discussed and agreed on. Furthermore, we established a
standard procedure of all manual measurements, includ-
ing standard magnification for small measurement
values. By following this detailed standardization process,
we were able to reduce potential biases produced by poor
image quality and disagreement between the observers on
radiological landmarks.

We acknowledge some limitations to our study. First, the
research fellows were relatively inexperienced before the
study start. However, all had a special interest in hip
dysplasia, and the standardization process was supervised
and discussed with a senior pediatric radiologist (K.R.) and
a senior pediatric orthopedic consultant (L.B.E.). Second,
the data set used in the present study was not perfectly
balanced in that two-thirds of the cases were subjectively
judged as normal, one-third had a mild degree of dysplasia,
and only nine had significant dysplasia. None of the hips
were subluxated or dislocated.

Several statistical strategies have been described to be
used in the evaluation of reproducibility in measurement
studies [21, 24, 25], but there is disagreement as to which
method is the most appropriate. The term reproducibility
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Fig. 3 Overview of measurement variations for the different
radiological markers. Each /line represents the mean difference in
percentage of the mean value (mean difference/mean x 100%) with

includes both agreement and reliability, two terms often
used interchangeably in the literature. However, it is
important to emphasize that these terms focus on different
aspects of reproducibility. The agreement parameters (e.g.,
the Bland-Altman method and minimum detectable change)
are more related to the measurement instrument itself and
assess closeness of repeated measurements scores. The
reliability parameter (e.g., intra-class correlation coefficient)
is related to how well different measurements/patients can
be distinguished from each other. A good correlation will
for instance be seen for any two methods designed to
measure the same parameter and does not automatically
imply that there is a good agreement [26, 27]. In general,
the Bland-Altman approach, analyzing the difference
between measurements by two methods/observers on each
subject is the preferred method for analyzing agreement on
continuous data [20-22]. To provide estimates of both
components (agreement and reliability) of reproducibility,
and also to be able to compare our results with others, we
chose to include both the Bland-Altman measures of
agreement and ICC in the present study. We also included
the minimum detectable change (MDC), another parameter
of agreement, which is based on the standard error of the
measurement (SEM) [24] and gives a measure of detectable
clinically relevant change.

The digital measurement program used in the present
study was validated by the developers in a previous study
including 20 radiographs from patients with established hip
dysplasia [12]. The study showed acceptable intra- and

@ Springer

the corresponding 95% limits of agreement in percent [(mean
difference/mean x 100%) + (1.96 SD/mean x 100%)]

inter-observer reliability, as well as inter-method reli-
ability. However, the current study includes almost five
times as many radiographs, and the measurements were
performed by three independent observers. In our study,
the manual measurements were performed in the
AgfaWeb1000 as opposed to measurements by hand in
the former study.

Radiographic measurements have been subject to vali-
dation in numerous studies. For measurements assessing the
acetabular anatomy (Fig. 1a), our results compare favorably
with those reported by others. In 1999, Nelitz and
colleagues measured 100 radiographs from patients with
unilateral DDH, aged 16-32 years [9]. They reported
acceptable inter-observer ICC values for Sharp’s angle
(ICC 0.74-0.78) and AA (ICC 0.82-0.88), but inferior
values for ADR (ICC 0.58-0.63). Our results agreed well
for Sharp’s angle (0.83—0.89) and for AA (ICC 0.83-0.86),
but we report better results for ADR (ICC 0.77-0.84).
Although the inter-observer ICC value for AA was
acceptable, the 95% limits of agreement were far too wide
for this measurement to be valid, reflecting one of the major
problems associated with relying on the ICC alone. Our
results show high standard deviations for both manual and
digital measurements reflecting the low level of agreement
for this specific measurement (Figs. 3 and 4b). Troelsen and
colleagues reported similar findings for AA in a study of 25
radiographs from patients referred to the outpatient clinic
due to hip pain, aged 15-55 years [11]. For inter-observer
measurements, the SD ranged between 1.9 and 4.1°
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compared to our findings of 3.0-3.4° for digital measure-  studies have also reported high values of SD and MDC
ments and 2.6-3.7° for manual measurements. Other  for AA [10, 28].
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Wiberg’s CE angle and FHEI describe the position of
the femoral head in the acetabular cavity (Fig. 1b).
Wiberg’s CE angle has been validated in several previous
studies [9-12, 28, 29], with the reported inter-observer
ICC values ranging from 0.73 to 0.92 as compared 0.84 to
0.91 in our study. Both Troelsen [11] and Lequesne [28]
report on relatively wide within-observer variation, with
SDs from 2.6 to 3.8° and 1.5 to 2.6°, respectively, as
compared to ours (1.9-2.3° for digital measurements and
1.5-4.1° for manual measurements). For FHEI, there are,
in principle, two different measurement methods. We used
the method described by Heyman and Herndon [8] with a
medial reference line drawn at the medial margin of the
femoral head as compared to a second method using a line
running through the most medial aspect of the joint space
[30]. For both methods a cut-off value of less than 75% is
considered pathological. Obviously FHEI obtained by the
two methods will differ significantly in cases of sub-
luxated or luxated femoral heads, underscoring the
importance of standardization of measurements. In the
current patient population no cases of (sub)luxations were
identified. The reported levels of inter-observer variation
for FHEI, using the ICC, range from 0.80 to 0.91. In
comparison, we report ICCs of 0.82 to 0.84 and more
importantly, 95% limits of agreements of less than 10% of
the absolute values, which is considered acceptable for use
in clinical studies.

Only a few studies have addressed the reproducibility of
the maximum teardrop width, JSW, and ATD. In a study of 20
radiographs, Pedersen and colleagues found low levels of
intra- and inter-observer reliability for both the maximum
teardrop width and ATD [12], which are in good agreement
with our results. JSW was validated by Lequesne et al.,
reporting SD of 0.4—0.5 mm and ICCs of 0.77-0.90 for intra-
observer measurements, compared to SD 0.59-1.18 (digital)
and 0.42-0.93 (manual) in our study.

In conclusion, large measurement variations are seen
across different radiological measurements relevant for hip
dysplasia at skeletal maturity, and this should be taken into
account when evaluating dysplastic hips in clinical practice.
Similar findings are found for both digital and manual
measurement techniques.
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