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ORIGINAL RESEARCH

Development and Reliability of the Joint
Tissue Activity and Damage Examination
for Quantitation of Structural
Abnormalities by Musculoskeletal
Ultrasound in Hemophilic Joints
Lena M. Volland, PT, DPT, OCS, Jenny Y. Zhou, MD, Richard F. W. Barnes, PhD, Rebecca Kruse-Jarres, MD,
Bruno Steiner, PT, DPT, RMSK, Doris V. Quon, MD, Cindy Bailey, PT, DPT, OCS, SCS, ATC, Tudor H. Hughes, MD,
Randy E. Moore, DC, RDMS, RMSK, Eric Y. Chang, MD, Annette von Drygalski, MD, PharmD, RMSK

Objectives—Musculoskeletal ultrasound (US) is used increasingly to examine
hemophilic arthropathy. However, quantitative algorithms to document findings
are lacking. We developed and sought to validate a protocol quantifying hemo-
philic joint abnormalities.

Methods—Thirty-one patients with hemophilia were examined serially for 2 years
with musculoskeletal US (≈600 joint examinations and ≈6000 images). Based on
the spectrum of pathologies, a quantitative algorithm, named Joint Tissue Activity
and Damage Examination (JADE), was developed for soft tissue and osteochon-
dral measurements, including power Doppler, using nominal group techniques.
To study intra- and inter-rater reliability, 8 musculoskeletal US–experienced hemo-
philia providers performed anatomic landmark recognition and tissue measure-
ments on 86 images with arthropathic changes, with repetition 1 month later.
Twenty-three musculoskeletal US–inexperienced providers performed similar
assessments. Inter-operator reliability was established by 6 musculoskeletal US–
experienced hemophilia providers, each acquiring images and JADE assessments
of 3 hemophilic arthropathic joints. A radiologist and musculoskeletal sonographer
functioned as adjudicators. The statistical analysis was performed with the intra-
class correlation coefficient (ICC), Fleiss κ, and Cohen κ where appropriate.

Results—The musculoskeletal US–experienced providers showed excellent intra-
and inter-rater reliability for tissue measurements (ICCs, 0.94–0.96). Agreement
was good to excellent for landmark recognition (Fleiss κ, 0.87-0.94). Inter-
operator reliability was excellent for measurements and landmark recognition
(ICC, 0.90; Fleiss κ, 1.0). Agreement with adjudicators was mostly good to
excellent. Musculoskeletal US–inexperienced providers showed excellent inter-
rater reliability for measurements (ICC, 0.96) and moderate agreement for land-
mark recognition (Fleiss κ, 0.58).

Conclusions—The JADE protocol appears feasible for quantifying hemophilic
intra-articular abnormalities. Musculoskeletal US–trained hemophilia providers
showed high intra-rater, inter-rater, and inter-operator reliability, supporting
JADE as a protocol for clinical management and research.

Key Words—arthropathy; hemophilia; inter-operator reliability; inter-rater
reliability; musculoskeletal ultrasound; reliability
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H emophilia is an X chromosome–linked bleed-
ing disorder manifested by repetitive hemar-
throses leading to debilitating joint

arthropathy,1,2 characterized by soft tissue hypertro-
phy and inflammation, as well as osteochondral
deformities and destruction.2,3 The extent to which
these changes are reversible is unclear. In recent years,
the use of high-resolution musculoskeletal ultrasound
(US) has increased rapidly for fast and accurate
detection of bleeding episodes, as well as for
longitudinal assessment and management of joint
health by nonradiologists.4–10 Musculoskeletal US is a
fast, accessible, and economical alternative to other
imaging modalities, such as magnetic resonance
imaging,11–13 and can objectively diagnose various
musculoskeletal conditions, and support treatment
decisions.4,5,7–9 Power Doppler US permits assess-
ments of microperfusion changes and the extent of
inflammation in joint tissue.14–16 Within this realm,
musculoskeletal US is evolving as a versatile tool for
monitoring osteochondral health, soft tissue expan-
sion, and vascular abnormalities over time in
hemophilic joints.

However, the assessment of longitudinal changes
of joint health, comprising the systematic quantification
of soft tissue and osteochondral changes and widely
accepted as measures of progression of hemophilic
arthropathy, requires standardized, validated protocols.
Toward that end, several semiquantitative musculoskel-
etal US scoring algorithms have been proposed,12,16–20

especially for the detection of early changes.18 How-
ever, these scoring algorithms lack iterative validation
processes (“truth, discrimination, and feasibility”), as
proposed by Outcome Measures in Rheumatology
(OMERACT).21–23 Additionally, scoring algorithms
are relatively subjective, may have ceiling effects in
advanced hemophilic arthropathy, and do not permit
the following of individual findings in hemophilic joints,
which may be central to patients’ specific presentations
but outside the scoring algorithms.

To fill this void, our objective was to develop a
quantitative musculoskeletal US protocol evaluating
soft tissue proliferation and inflammation (joint tissue
activity) as well as osteochondral and cartilage alter-
ations (joint damage), named Joint Tissue Activity
and Damage Examination (JADE). The protocol was
designed to capture fluctuating soft tissue changes,

precisely measure osteochondral surface and cartilage
alterations, and enable dynamic follow-up of individ-
ual, patient-specific intra-articular findings. Here we
describe the development of JADE with the objective
of reporting intra- and inter-rater as well as inter-
operator reliability among a group of hemophilia pro-
viders trained and experienced in musculoskeletal US
assessments of hemophilic joints, aligning our efforts
with OMERACT for the validation of US imaging
techniques.21,24

The OMERACT guidelines are considered the
“reference standard” for validating imaging protocols
for the assessment of arthritic changes, and following
those guidelines appeared essential to provide confi-
dence that the JADE parameters would bear relevance
as outcome tools. OMERACT is a widely accepted
international initiative, whereby the cornerstones of
validation are composed of correct tissue annotation,
the establishment of intra-rater, inter-rater, and inter-
operator reliability, and clinical applicability for specific
disease states and patient cohorts, emulating the
OMERACT filter components truth, discrimination,
and feasibility.21,23,24 Along OMERACT recommenda-
tions, we recently established the extent of pathologic
tissue discrimination with musculoskeletal US specific
to hemophilic joints by comparison with conventional
and ultrashort time-to-echo magnetic resonance
imaging.25

Materials and Methods

Joint Examination With Musculoskeletal US
The JADE protocol was developed from 600 examina-
tions of hemophilic joints by musculoskeletal US in
31 patients, yielding approximately 6000 views. Muscu-
loskeletal US examinations were performed with high-
resolution equipment (LOGIQ S8, GE Healthcare,
Fairfield, CT), applying presets recommended by the
manufacturer and using standardized and validated
transducer positions as developed by the European
League Against Rheumatism26,27 to ascertain optimal
views of joint structures sonoanatomically and in
pathologic states (http.ultrasound.eular.org). Grayscale
(B-mode) and power Doppler examinations of both
ankles, elbows, and knees in each patient were per-
formed with a high-frequency linear transducer (8–15
MHz). The power Doppler mode was adjusted to
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optimize image acquisition,28 as recommended by the
European League Against Rheumatism.27,29,30 Like-
wise, as recommended by European League Against
Rheumatism, sonopalpation and dynamic movements
served to determine compressibility and displacement
of intra-articular material.27 Musculoskeletal US images
were obtained by a hematologist (A.v.D.) with 5 years
of experience, who was formally trained and certified
in musculoskeletal US by the American Registry for
Diagnostic Medical Sonography.

The 31 patients scanned to develop the JADE
protocol presented with severe, moderate, or mild
hemophilia A or B and at least 1 arthropathic joint.
Severe, moderate, and mild hemophilia A or B were
denoted as factor VIII or factor IX plasma activity
levels of less than 1%, 1% to 5%, and greater than 5%,
respectively. Arthropathic joints were defined either
by radiographic Pettersson scores or by Hemophilia
Joint Health Scores (HJHSs) in those few patients
without Pettersson scores available.28,31 Based on
published correlations between the 2 joint outcome
measures, Pettersson scores or HJHSs had to be at
least 1 or higher or 3 or higher, respectively,32,33 to
suggest arthropathic changes. Patients were enrolled
prospectively and followed with musculoskeletal US
and power Doppler examinations of both ankles,
elbows, and knees during pain-free intervals every
6 to 9 months over 2 years, as well as sporadic exami-
nations of acutely painful joints. Demographic infor-
mation was extracted from the electronic medical

record. The study protocol was approved by the Uni-
versity of California San Diego (UCSD) Human
Research Protection Program, and informed written
consent was obtained from all patients.

Consensus Development of JADE
Following previously adopted consensus development
methods for imaging techniques in other inflamma-
tory arthritic conditions,27,34 a nominal group method
was used to determine the most appropriate trans-
ducer positions and measurements to assess osteo-
chondral interface irregularities, cartilage changes, and
soft tissue proliferation, as well as inflammatory sig-
nals within the elbow, knee, and ankle. A flowchart
depicting the evolution of JADE is provided in
Figure 1. The members of the nominal group were
chosen for their long-standing expertise in their
respective fields and consisted of a fellowship-trained
musculoskeletal radiologist with 7 years of experience
(E.Y.C.), a hematologist with 5 years of scanning
experience (A.v.D.), and a musculoskeletal sonogra-
pher with greater than 20 years of experience (R.E.
M.). Images obtained during the 600 musculoskeletal
US joint evaluations (≈6000 views) were reviewed by
the 3 members of the nominal group, with a special
focus on results from an accompanying pathologic tis-
sue validation study in hemophilic arthropathy, in
which musculoskeletal US views were aligned with
corresponding views of conventional and ultrashort
time-to-echo magnetic resonance imaging,25 obtained

Figure 1. Flowchart of JADE development. The development of JADE was a 3-year nominal process and involved core and expanded
review groups. The core group members consisted of a musculoskeletal radiologist, hematologist, and sonographer, all with high expertise
in their respective fields. The core group developed the JADE protocol. Five physicians and physical therapists, trained and experienced in
musculoskeletal (MSK) US, were added in a second step to form the expanded group to refine and finalize the protocol in 3 face-to-face
meetings. Subsequently, the JADE protocol was studied for intra- and inter-rater reliability as well as inter-operator reliability.
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simultaneously. This review defined the following:
(1) the extent to which musculoskeletal US discrimi-
nated different types of pathologic tissue for descrip-
tive charting of findings; (2) the feasibility of direct
measurements of soft tissue expansion, osteochondral
changes, and cartilage thickness; and (3) the stan-
dardized locations of US assessments. Of note, since
musculoskeletal US does not permit the distinction of
soft tissue types, such as synovium, fatty tissue, and
blood clots in pathologic hemophilic joints,25 the
term “soft tissue expansion” was deemed more appro-
priate to describe accumulation of abnormal intra-
articular tissue, compared to historical terms such as
“synovial proliferation.”

In a second step, the nominal group was
expanded by an additional 5 hemophilia care pro-
viders trained and experienced in musculoskeletal US,
including 2 physicians (R.K.-J. and D.V.Q.) and
3 physical therapists (B.S., C.B., and L.M.V.). Each of
the providers had 1 to 3 years of musculoskeletal US
practice experience. The proposed JADE algorithm
was further refined in several face-to-face meetings by
consensus to establish the final JADE protocol and
atlas (online Supplement; instructions provided in
online modules accessible at https://cme.ucsd.edu/
MSKUSWeb/webmodules.html).

Inter-rater Reliability
For evaluation of inter-rater reliability of the JADE
protocol, 8 hemophilia providers (6 members of the
nominal group) experienced in musculoskeletal US,
including 4 physicians, 3 physical therapists, and
1 nurse, from 3 United States hemophilia treatment
centers, reviewed 86 still images of the elbow
(n = 20), knee (n = 36) and ankle (n = 30),
acquired previously by A.v.D., in a scrambled and
blinded fashion. All views of the JADE protocol were
represented. An experienced musculoskeletal US pro-
vider was defined as a health care professional who
was trained in musculoskeletal US at the UCSD
(https://cme.ucsd.edu), with performance and inter-
pretation of at least 3 joint US examinations weekly
for the previous 6 months. The aforementioned
musculoskeletal US course comprises a 20-hour theo-
retical and hands-on curriculum, including fundamen-
tals of US physics, sonoanatomy, and sonopathology
of articular structures in ankles, knees, and elbows,
which are the main joints affected by hemophilic

arthopathic changes. Participants also are taught the
use of power Doppler US to detect abnormal vascu-
larity and the appearance of complex and simple effu-
sions. The musculoskeletal US images for review
were selected by a fellowship-trained musculoskeletal
radiologist (E.Y.C., with 7 years of experience) to
provide a broad range of arthropathic changes equally
distributed between elbow, knee, and ankle joints
with midrange Pettersson scores (3–8; normal, 0;
maximum, 13) or HJHSs (4–12; normal, 0; maxi-
mum, 20). The musculoskeletal US–experienced pro-
viders were asked to annotate major anatomic
landmarks in all JADE positions and to provide
2-dimensional measurements of osteochondral inter-
face irregularities and cartilage thickness in specified
locations perpendicular to the bony margin, as well as
soft tissue measurements in precise areas defined by
the JADE protocol (online Supplement). With Sante
DICOM Viewer software (Santesoft, Athens,
Greece), measurements were made on images gener-
ated with a transducer frequency of 12 MHz or
greater (axial resolution of ≈0.1–0.2 mm). Osteo-
chondral surface irregularities were defined as cortical
breaks or alterations of the normally smooth hypere-
choic osseous line (online Supplement). Additionally,
power Doppler signals were evaluated semiquantita-
tively as previously described,15,35 using a score
between 0 and 3 in the tissue area of interest, with a
higher score indicating a stronger power Doppler
signal (online Supplement).

To gauge the ability to make annotations
required in the JADE protocol after a single musculo-
skeletal US training course, 23 hemophilia providers
without previous experience in musculoskeletal US,
who were freshly trained in the UCSD CME-
accredited course, reviewed and annotated the same
still images as the experienced providers but limited
to the knee. Power Doppler scoring was excluded,
since additional practice is needed to become fully
familiarized with power Doppler detection. The
providers performed the assessment immediately after
course completion. Data collection and analysis were
approved by the UCSD Human Research Protection
Program.

Intra-rater Reliability
One month after the initial JADE annotation, the
musculoskeletal US–experienced group of hemophilia
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providers repeated the assessment of all 86 scrambled
images.

Inter-operator Reliability
Six hemophilia providers (3 physicians and 3 physical
therapists) from the initial nominal group individually
acquired all images included in the JADE protocol for
the elbow, knee, and ankle of 3 patients with severe
hemophilia A and moderate joint disease, judged clin-
ically by R.K.-J. and B.S. Image acquisition and inter-
pretation, as specified per JADE, were completed
within 1 day at Bloodworks Northwest and were
approved by the Institutional Review Board of Blood-
works Northwest. Providers completed measurements
of osteochondral interface irregularities (n = 3), carti-
lage thickness (n = 7), soft tissue expansion (n = 4),
power Doppler signal scoring (n = 17), and qualita-
tive assessments (n = 17).

Image Adjudication
All annotations and measurements provided by the
musculoskeletal radiologist (E.Y.C.) and musculo-
skeletal sonographer (R.E.M.) were used separately
for adjudication of results.

Statistical Analysis
The intra- and inter-rater reliability was established
by assessment of the intraclass correlation coefficient
(ICC) for continuous data and Fleiss κ (n > 2 pro-
viders) and Cohen κ (n = 2 providers) for categorical
data.36,37 The measures evaluated the level of correla-
tion and agreement between different assessments
and enabled the evaluation of the degree of reliability.
Based on a level of absolute agreement, all values,
including the corresponding 95% confidence intervals
(CIs), were calculated by AgreeStats 2015.6 software
(Advanced Analytics, LLC, Gaithersburg, MD) with a
2-way mixed-effects model for intra-rater reliability
and a 2-way random-effects model for inter-rater reli-
ability for the continuous data. A chance-corrected
agreement coefficient for multiple raters (Fleiss and
Cohen κ) was used to evaluate the categorical data.37

Levels of acceptance were set at values of less than
0.5 indicating poor reliability, values between 0.5 and
0.74 corresponding to moderate reliability, values
between 0.75 and 0.9 resulting in good reliability, and
values above 0.9 yielding excellent reliability, as sug-
gested by Koo and Li.38

Results

Patient and Joint Characteristics
Information about demographics and the joint disease
status of the 31 patients whose musculoskeletal US
images were used for the development of the JADE
protocol as well as for the assessment of intra- and
inter-rater reliability are summarized in Table 1.
Briefly, a total of 109 arthropathic joints (30 elbows,
43 knees, and 36 ankles) as well as 92 non-
arthropathic joints (34 elbows, 30 knees and
28 ankles) were examined serially (2 or 3 times dur-
ing a 2- to 3-year period), comprising 582 evaluations
(185 elbows, 213 knees, and 184 ankles), with addi-
tional evaluations during acutely painful episodes
(n = 10 elbows, 8 knees, and 11 ankles), yielding
approximately 6000 images, as described in “Materials
and Methods.” Median Pettersson scores and HJHSs
of all 6 joints combined (elbows, knees, and ankles)
were 26 (interquartile range [IQR], 12–47) and
11 (IQR, 5.3–27.8), respectively, suggestive of a wide

Table 1. Patient Demographics and Joint Characteristics

Characteristic Value

Hemophilia A, n 27
Mild 4
Moderate 2
Severe 21

Hemophilia B, n 4
Mild 0
Moderate 1
Severe 3

Age, y 37 (29–54)
Joint characteristics
Arthropathic joints, n
Total 100
Elbow 34
Knee 36
Ankle 30

HJHS
Total 11.0 (5.3–27.8)
Elbow 4.0 (0–8.0)
Knee 2.5 (0–6.0)
Ankle 2.5 (0–10.0)

Pettersson score
Total 26.0 (12.0–47.0)
Elbow 10.0 (1.0–16.0)
Knee 5.2 (1.5–14.5)
Ankle 4.9 (3.5–14.5)

Data are presented as median (IQR) where applicable. Maximum
HJHS, 120; per joint, 20. Maximum Pettersson score, 78; per
joint, 13.
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spectrum of disease severity and appearing to be suit-
able for developing an assessment tool.

The JADE Algorithm
After review of the 600 US examinations by the nomi-
nal group (A.v.D., E.Y.C., and R.E.M.) in association
with accompanying conventional and ultrashort time-
to-echo magnetic resonance imaging in 36 of the
109 arthropathic joints scanned with musculoskeletal
US, a first draft of JADE was developed. The process
of the JADE protocol development is outlined in
Figure 1. The JADE protocol was based on the pre-
requisite to permit individual, direct measurements of
intra-articular soft tissue expansion, cartilage thick-
ness, and osteochondral interface irregularities in
elbows, knees, and ankles in hemophilic joints. The
consensus review indicated that a protocol featuring
direct measurements was preferable to scoring algo-
rithms, as previously proposed, to avoid ceiling effects
in advanced arthropathic joints, enable localization
and description of specific individual findings to be
followed longitudinally, and create a versatile tool to
assess a wide range of pathologic findings for clinical
management as well as for use as an outcome mea-
sure. Additionally, it was decided also to include the
description of characteristics more pertinent for clini-
cal use, such as predominant tissue echogenicity,
abnormalities of key structures (for instance, medial
meniscus or Achilles tendon), and tissue compress-
ibility by sonopalpation to differentiate between effu-
sions and soft tissue in certain areas. Also,
annotations pertaining to the complexity of effusions
were enabled to take advantage of the exquisite sensi-
tivity of musculoskeletal US to distinguish between
bloody and serous effusions,39 as well as quantifica-
tion of abnormal soft tissue microcirculation and
vascularity changes by power Doppler signals. Subse-
quently, the JADE protocol underwent several itera-
tions and improvements based on constructive
feedback from the expanded nominal group (B.S.,
C.B., D.V.Q., L.M.V., and R.K.-J.) during several face-
to-face meetings over a 2-year period, while the pro-
viders applied JADE informally to assess the joint sta-
tus during clinic visits. The JADE protocol
development, including the atlas and charting tool,
was a 3-year process. As a result of this process, the
expanded nominal group thought that the definitive
version of the JADE protocol, provided in the online

Supplement, offered a versatile tool for following
overall joint health longitudinally and also focusing
on the progression or resolution of individual,
patient-specific findings. As such, the JADE protocol
can be used for all 6 joints (elbows, knees, and
ankles) or as a focused assessment of individual joints
(ie, target joints), for which the examination can be
limited to specific areas within the joint. All JADE
views are deemed optional and can be chosen on the
basis of individual joint abnormalities. The complete
JADE protocol includes 17 standardized transducer
positions subdivided into the elbow (3 views), knee
(10 views), and ankle (4 views). These standardized
transducer positions are further described as follows:
elbow, anterior humeroradial and humeroulnar joints
in the transverse axis, anterior humeroradial joint in
the longitudinal axis, and posterior olecranon recess
in the longitudinal axis; knee, suprapatellar and infra-
patellar recesses in the longitudinal axis, medial and
lateral recesses in the transverse axis, medial meniscus
in the longitudinal axis, sunrise view, and anterior/
posterior medial/lateral condyle in the longitudinal
axis; ankle, anterior tibiotalar joint in transverse and
longitudinal axes, subtalar joint in the longitudinal
axis, and Achilles tendon in the longitudinal axis. The
full version of the JADE protocol, including a detailed
description of all transducer positions, measurements,
and qualitative assessments, is included as the online
Supplement.

Number of Image Annotations and Measurements
Performed by the Raters
The experienced providers were presented with the
same 172 musculoskeletal US still images (2 × 86) of
elbows, knees, and ankles twice, 4 weeks apart, to
determine the intra-rater reliability of the JADE pro-
tocol. Providers were tasked with identifying major
anatomic landmarks (categorical data) and complete
direct osteochondral interface, cartilage, and soft tis-
sue measurements (continuous data) on both occa-
sions. The inexperienced providers were tasked with
completing landmark recognition and measurements
only once on 31 musculoskeletal US still images of
the knee. Altogether, 3504 responses for landmark
recognition were obtained from the experienced pro-
viders (1632 osseous structures, 1232 soft tissues,
400 cartilages, and 240 power Doppler signal assess-
ments) and 1817 responses (851 osseous structures,
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851 soft tissues, and 115 cartilages) from the inexperi-
enced providers. Regarding quantitative measure-
ments, the experienced group completed 1360
measurements (560 soft tissues, 560 cartilages, and
240 osteochondral interfaces), and the inexperienced
group completed 460 measurements (230 cartilages,
115 soft tissues, 115 osteochondral interfaces).

Intra-rater Reliability: Experienced Providers
Intra-rater reliability was established for continuous and
categorical parameters among musculoskeletal US–
experienced providers. The continuous parameters com-
prised 2-dimensional measurements of soft tissue expan-
sion, osteochondral surface irregularities, and cartilage
thickness in 12 joints (3 elbow, 5 knee, and 4 ankle) in
9 key locations. Intra-rater reliability was excellent for all
assessments in elbows, knees, and ankles (all
ICCs, ≥ 0.96; Table 2). When divided by tissue types,
intra-rater reliability was excellent for cartilage thickness
and soft tissue expansion and good for measurements of
osteochondral interface irregularities (Table 2).

The categorical parameters included anatomic
landmark recognition and power Doppler signal
assessments. Intra-rater reliability for assessments
separated by joints was good to excellent (Cohen κ,
0.85–0.99) and amounted to excellent when values of
all joints were combined (Cohen κ, 0.98). Isolated
analyses for the detection of power Doppler signals
yielded overall excellent intra-rater reliability (Cohen
κ, > 0.90; Table 3).

Inter-rater Reliability: Experienced Providers
Inter-rater reliability was established for the continu-
ous and categorical parameters among musculoskele-
tal US–experienced providers, assessing the same

number and type of views as well as parameters used
for determination of intra-rater reliability.

For the continuous parameters, excellent inter-
rater reliability was shown for the entire JADE proto-
col, including all joint types and measurements during
the initial and repeated assessments 4 weeks later
(both ICC, 0.94). Separated into joint types, inter-
rater reliability for the knee and elbow were excellent
during the first and repeated assessments (all
ICCs, ≥ 0.91) and increased for the ankle from good
(ICC, 0.89) to excellent (ICC, 0.92). The ICCs for
cartilage thickness (0.98–0.99) and soft tissue expan-
sion (0.97–0.98) measurements were excellent on
both occasions, whereas ICCs for osteochondral
interface irregularity measurements were moderate
(0.66–0.67; Table 4).

Good to excellent inter-rater reliability was
shown for all categorical parameters of landmark rec-
ognition combined for all joints (Fleiss κ, 0.87–0.91)
during both assessments (Table 5). Separated into
joint types and assessment time points, good to excel-
lent inter-rater reliability was demonstrated for all
joints on both occasions (Fleiss κ, 0.80–0.95). Inter-
rater reliability for power Doppler signal assessments
was overall excellent (Fleiss κ, ≥ 0.90).

Inter-Rater Reliability: Inexperienced Providers
The group of 23 musculoskeletal US–inexperienced
providers completed the evaluation of 31 musculoskele-
tal US images of the knee, comprising measurements of
soft tissue expansion, cartilage thickness, osteochondral
surface irregularities, and landmark recognition. Inter-

Table 2. Intra-rater Reliability for Continuous Parameters Among
Providers Experienced in Musculoskeletal US

Parameter ICC 95% CI

All joints and assessments 0.98 0.97–0.98
Subcategory: joints
Elbow 0.97 0.95–0.99
Knee 0.99 0.99–0.99
Ankle 0.96 0.94–0.98

Subcategory: tissue type and assessment
Osteochondral interface irregularities 0.85 0.73–0.93
Cartilage thickness 0.99 0.98-0.99
Soft tissue expansion 0.98 0.97–0.99

Continuous parameters comprise 2-dimensional measurements of
anatomic structures.

Table 3. Intra-rater Reliability for Categorical Parameters Among
Providers Experienced in Musculoskeletal US

Parameter Cohen κ 95% CI

Anatomic landmark recognition
All joints and assessments 0.98 0.96–1.00
Subcategory: joints
Elbow 0.99 0.96–1.00
Knee 0.85 0.73–0.97
Ankle 0.86 0.69–1.00

Power Doppler signal
All joints 0.93 0.88–0.97
Elbow 0.93 0.85–1.00
Knee 0.96 0.91–1.00
Ankle 0.85 0.71–0.98

Categorical parameters include anatomical landmark recognition
and power Doppler signal assessment.
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rater reliability was excellent for all direct measurements
combined (ICC, 0.96), with ICCs for osteochondral
interface irregularities, cartilage thickness, and soft tis-
sue expansion measurements ranging from moderate to
good (0.63–0.86). The inter-rater reliability for the cat-
egorical data (landmark recognition) was moderate
(Fleiss κ, 0.58).

Inter-rater Reliability Comparison to Adjudicators
Two adjudicators (E.Y.C. and R.E.M.) completed the
same measurements and annotations as the

experienced and inexperienced groups. The agree-
ment between the adjudicators was found to be excel-
lent to good (ICC, 0.84–0.99) for the continuous
data and excellent (Cohen κ, 1.00) for the categorical
data of the JADE protocol. Both groups of providers
(experienced and inexperienced) were compared indi-
vidually to the adjudicators for the continuous and
categorical data.

The experienced group, composed of the 8 raters,
measured against the 2 adjudicators on 2 separate
occasions, provided 32 adjudications for continuous
parameters. Inter-rater agreement was excellent
(ICCs, > 0.9) and good (ICCs, 0.83–0.9) for 27 and
5 adjudications, respectively, for all joints and subcat-
egories combined (online Supplemental Table 1).
Results appeared consistent across joint types
(elbows, knees, and ankles; online Supplemental
Table 1). When the adjudication analysis was divided
by tissue type, the inter-rater agreement was excellent
for all cartilage thickness and soft tissue measurement
adjudications (ICCs, ≥ 0.97). The adjudication of the
measurements of osteochondral interface irregularities
yielded excellent inter-rater agreement on 2 occasions,
with most values indicating good (24 values; ICCs,
0.75–0.9) and 6 values indicating moderate (ICCs,
0.62–0.74) inter-rater agreement, respectively.

The adjudication for landmark recognition con-
sisted of 32 adjudications and revealed excellent
agreement for 26 adjudications (Cohen κ, > 0.9) and
good agreement for 6 adjudications (Cohen κ,
0.77–0.88). Results were consistent across joint types
(elbows, knees, and ankles). Power Doppler signal
assessments revealed excellent (Cohen κ, > 0.9),
good (Cohen κ, 0.78–0.89), and moderate (Cohen κ,
0.71) agreement for 12, 19, and 1 adjudications,
respectively (online Supplemental Table 2).

The inexperienced group, composed of the
23 raters, measuring structures against the 2 adjudica-
tors, provided 46 adjudications on agreement of
continuous parameters combined within the knee.
Overall agreement was excellent, with all 46 assess-
ments showing ICCs of 0.94 or greater. Divided by
tissue types, which yielded 138 individual assess-
ments, some variability in agreement became appar-
ent, which was neither tissue nor rater specific;
however, only 28 of 138 assessments (20.2%) showed
poor/moderate agreement. Landmark recognition
appeared easy for most providers, as evidenced by

Table 5. Inter-rater Reliability for Categorical Parameters Among
Experienced Providers in Musculoskeletal US

Initial
Assessment

Repeated
Assessment

Parameter Fleiss κ 95% CI Fleiss κ 95% CI

Anatomic landmark
recognition
All joints and
assessments

0.87 0.78–0.97 0.91 0.81–1.00

Subcategory: joints
Elbow 0.89 0.56–1.00 0.87 0.63–1.00
Knee 0.95 0.71–1.00 0.80 0.37–1.00
Ankle 0.87 0.55–1.00 0.90 0.73–1.00

Power Doppler signal
All joints 0.91 0.81–1.00 0.90 0.90–0.99
Elbow 0.97 0.68–1.00 0.93 0.91–1.00
Knee 0.91 0.68–1.00 0.94 0.79–1.00
Ankle 0.93 0.71–1.00 0.75 0.32–1.00

Categorical parameters include anatomic landmark recognition
and power Doppler signal assessment.

Table 4. Inter-rater Reliability for Continuous Parameters Among
Experienced Providers in Musculoskeletal US

Initial
Assessment

Repeated
Assessment

Parameter ICC 95% CI ICC 95% CI

All joints and
assessments

0.94 0.92–0.96 0.94 0.93–0.96

Subcategory: joints
Elbow 0.95 0.90–0.98 0.91 0.84–0.95
Knee 0.96 0.94–0.98 0.98 0.97–0.99
Ankle 0.89 0.83–0.93 0.92 088–0.95

Subcategory: tissue
type and assessment
Osteochondral interface
irregularities

0.66 0.42–0.85 0.67 0.42–0.85

Cartilage thickness 0.98 0.97–0.99 0.99 0.98–0.99
Soft tissue expansion 0.98 0.97–0.99 0.97 0.96–0.99

Continuous parameters comprise 2-dimensional measurements of
anatomic structures.
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excellent and good agreement in 31 and 9 of
46 assessments (all ICCs, 1.0), respectively.

Inter-operator Reliability
Six musculoskeletal US–experienced providers of the
nominal group and 1 adjudicator (R.E.M.) indepen-
dently acquired all JADE views of 1 elbow, knee, and
ankle from 3 patients with severe hemophilic arthrop-
athy, evidenced by abnormal HJHSs (median, 24;
IQR, 22.0–35.5), followed by independent measure-
ments of cartilage thickness, soft tissue expansion,
and osteochondral surface irregularities. In addition,
everyone completed qualitative descriptions of find-
ings and power Doppler signal assessments, as out-
lined in the JADE protocol (continuous and
categorical parameters). Since patients were examined
at their baseline, there were no effusions present for
annotation, and inflammatory power Doppler signals
were scarce. Power Doppler scores of 0 and 1 were
combined into a single category for the statistical
analysis, since the differentiation between these can
be challenging in the presence of operational motion
background scatter, and they bear little clinical rele-
vance. A total of 102 measurements and 17 categorical
assessments were completed between the operators.

Inter-operator reliability was excellent for all direct
measurements in all joints combined (ICC, 0.90; 95%
confidence interval [CI], 0.85–0.95). Divided into
joints, inter-operator reliability was excellent for elbow
(ICC, 0.93; 95% CI, 0.78–1.0) and knee (ICC, 0.93;
95% CI, 0.87–0.97) and moderate for ankle (ICC,
0.72; 95% CI, 0.44–0.93) assessments. Divided into
tissue subtypes, measurements of osteochondral inter-
face irregularities (ICC, 0.76; 95% CI, 0.38–0.99), car-
tilage thickness (ICC, 0.85; 95% CI, 0.71–0.94), and
soft tissue expansion (ICC, 0.79; 95% CI, 0.60–0.93)
showed good inter-operator reliability. Power Doppler
signal assessments revealed excellent inter-rater reli-
ability in all joints (Fleiss κ, 1.0).

Subsequently, the 6 operators were compared
individually to the adjudicator (R.E.M), as displayed in
the continuous data, including all measurements for
the elbow, knee, and ankle. This comparison revealed
excellent agreement between the adjudicator and 4 pro-
viders (ICC, 0.90–0.98), and good-to-moderate agree-
ment between the adjudicator and 2 providers (ICC,
0.70–0.85). Whereas elbow and knee measurements
showed predominantly excellent/good agreements

with a small range of ICC values, the ankle analysis
revealed larger discrepancies, ranging from excellent to
moderate (ICC, 0.70–0.95), with 2 outliers in the poor
range. When divided into tissue subtypes, cartilage and
soft tissue measurements showed predominantly excel-
lent/good ICCs, with only a small range of ICC
values, whereas the assessments of the osteochondral
interface irregularities revealed larger discrepancies,
ranging primarily from excellent to moderate (ICC,
0.70–0.91), with 1 outlier in the poor range. Power
Doppler signal assessments showed excellent inter-
rater agreement between the adjudicator and the pro-
viders for all joints (Cohen κ, 1.0).

Discussion

The JADE protocol was developed to follow joint
health of patients with hemophilia longitudinally in a
systematic and quantitative manner, focusing on soft
tissue expansion, inflammation, and osteochondral
alterations, to provide precise, patient-specific assess-
ments complementing semiquantitative scoring
algorithms.12,16–20 Two-dimensional measurements of
osteochondral and soft tissue evaluation in musculo-
skeletal medicine have become increasingly
attractive,12,40–46 since they take advantage of the high
spatial and tissue contrast resolution inherent to con-
tinuously improving US technology, enabling precise
measurements in 0.1- to 0.2-mm increments with
higher-frequency transducers (>12 MHz). Here we
report the intra- and inter-rater reliability as well as
inter-operator reliability of the JADE protocol, incor-
porating direct measurements by hemophilia care pro-
viders trained in musculoskeletal US, in alignment
with OMERACT recommendations for the validation
of imaging protocols.21–24 Reliability is defined as the
ability of a measurement to be replicated and mathe-
matically illustrated by a value between 0 and 1, with
values closer to 1 representing stronger reliabilities.38

Most of the assessments and measurements exceeded
values of 0.70, which provides confidence that the
JADE protocol is suitable for implementation in
hemophilia practice and can serve as an objective
imaging outcome measure in clinical studies, evaluat-
ing effects of new therapies on the progression or res-
olution of individual pathologic findings. The
reliability and reproducibility of the JADE protocol
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were very reasonable, indicating that assessments can
be performed by trained and experienced nonradiolo-
gists. These findings are consistent with several other
studies demonstrating acceptable feasibility and reli-
ability of various musculoskeletal US assessments
mainly performed by rheumatologists.47,48 In that set-
ting, positive recommendations for translation of
musculoskeletal US into practice and its use in clinical
studies were provided if a moderate to high level of
congruent readings was achieved.

Pertaining to JADE, intra-rater reliability for read-
ing musculoskeletal US still images, including direct
measurements of soft tissue expansion, cartilage thick-
ness, and osteochondral alterations, was good to
excellent, ensuring accurate longitudinal assessments
of findings if read by the same health care provider.
Many US machines have a “compare assist function,”
permitting side-by-side comparisons of sequential
studies, which is expected to further enhance preci-
sion regarding landmark recognition and associated
measurement placements. Similarly, there was overall
good-to-excellent inter-rater reliability when reading
still images between the providers, providers and
adjudicators, and adjudicators. However, whereas
readings detailing cartilage and soft tissue thickness
were in agreement, measurements of osteochondral
interface irregularities showed greater variations, even
between the adjudicators. This finding suggests that
measurements of osteochondral alterations were more
subjective than measurements of cartilage or soft tis-
sue thickness. Regardless, small reading discrepancies
between providers may not be clinically meaningful
because of the high-resolution measurements in very
small increments of 0.1 to 0.2 mm. The safest recom-
mendation is to assign longitudinal assessments of
osteochondral interface irregularities to the same pro-
vider or a central reader in clinical studies.

As expected, much greater variability and discrep-
ancies in landmark recognition and tissue measure-
ments were present between the inexperienced
providers, who had just completed a single training
course. This observation emphasizes the fact that
experience and hands-on practice are required beyond
didactic instruction to optimize the accuracy of the
readings and the interpretation of musculoskeletal
US images. This and other observations support
the belief that point-of-care (musculoskeletal) US
imaging can be learned and correctly applied by

nonradiologists but requires appropriate education,
continued practice, and accumulation of experience
to ensure accurate clinical assessments.49–53

A final step was the establishment of inter-
operator reliability, which examined the extent of
agreement of image interpretation between providers
when acquiring images independently. The operators
were experienced in musculoskeletal US and acquired
the images from patients with hemophilia during a
1-day workshop. Joints with a moderate disease bur-
den were thought to be most appropriate for this
exercise to visualize a reasonable spectrum of abnor-
malities and measurable structures. Furthermore, the
evaluation of moderate disease processes ensures a
more rigorous assessment of reliability between differ-
ent operators, since reading congruency is relatively
easy to achieve in normal states or when assessing
extremes of disease.54 Even with this more
challenging approach, inter-operator reliability and
agreement with the adjudicator were very favorable,
especially for elbow and knee assessments, establish-
ing reasonable suitability of the JADE protocol for
interinstitutional compilations of findings. However,
greater variability was seen in the assessment of ankle
abnormalities. The reasons for this variability are
unclear but may be due to complicated anatomy
involving multiple articulations. Similar observations
were made in other studies focusing on imaging and
nonimaging assessments of hemophilic arthropa-
thy.31,54 This factor must be taken into consideration
when planning clinical studies, perhaps by centralizing
readings of locally acquired images.

Finally, this study tested the reliability of power
Doppler signal sampling and reading as an important
component in the overall assessment of joint health.
The presence of power Doppler signals reveals abnor-
mal synovial or soft tissue microperfusion, which is a
hallmark of synovial inflammation in rheumatoid
arthritis.14,15,55 Unique to hemophilic arthropathy,
positive power Doppler signals also indicate vascular
remodeling associated with leaky vessels and bleeding
tendencies.15,56 Therefore, it is important to capture
the extent of power Doppler signal abnormalities dur-
ing musculoskeletal US examinations of hemophilic
joints. There is some concern that variability in equip-
ment settings and motion artifacts can interfere with
power Doppler readings, especially when performed
by inexperienced operators.30 In our experience,
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rapidly evolving technical advances provide valid pre-
set power Doppler settings across manufacturers,
thereby minimizing artifacts.

The JADE protocol incorporates a widely
accepted power Doppler scoring algorithm, which
was devised and validated to determine the degree of
inflammation in rheumatoid arthritis in mainly small
joints57 but subsequently found to be equally useful
in large hemophilic joints.15 In rheumatoid
arthritis and osteoarthritis, the extent of the power
Doppler signal strength and distribution correlates
well with increased microvascularity on histologic
examinations,58,59 and similar correlations have been
established recently in hemophilic mouse joints.60

Here, we showed excellent reliability of power Dopp-
ler signal scoring on still images and between opera-
tors, providing confidence that it is feasible for
nonradiologists to acquire and score power Doppler
signals accurately.

There were several limitations to this study. First,
full testing of the JADE protocol was limited to a rela-
tively small number of hemophilia providers who also
participated in protocol development and who were
highly experienced in musculoskeletal US. Another
limitation was the lack of joint effusion assessments,
since joints were imaged at patients’ baselines with a
paucity of effusions present. Although even small vol-
ume joint effusions are easily detected by musculo-
skeletal US,10,39,61 the accuracy of effusion
assessments in hemophilia requires formal study.
Also, intra-operator reliability was not assessed
because we thought that the second assessment
would require several weeks to pass to limit memori-
zation of initial findings. During this time frame,
sub(acute) events, including hemarthroses, could
occur and possibly change previous findings. Last,
study images were acquired with a single brand of
high-resolution equipment, thereby removing poten-
tial confounders related to image quality.

In conclusion, findings from this study demon-
strate a high degree of intra-rater, inter-rater, and
inter-operator reliability of the JADE protocol, adding
another critical step toward validation of JADE as a
musculoskeletal US protocol for quantifying arthro-
pathic changes in hemophilic joints. We stress that
this validation remains iterative, with refinements to
be added as more experience is gained with JADE, a
process mirroring OMERACT efforts.48
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