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Abstract

Objectives: DXA scans may offer a novel means of evaluating radiographic knee OA (rKOA) in large population studies and through opportunis-
tic screening. We aimed to develop and apply a semi-automated method for assessing rKOA using =20 000 knee DXA images from UK Biobank
(UKB) and assess its face validity by checking for expected relationships with clinical outcomes.

Methods: Right knee DXA scans were manually annotated for osteophytes to derive corresponding grades. Joint space narrowing (JSN) grades
in the medial joint compartment were determined from automatically measured minimum joint space width. Overall rKOA grade (0-4) was de-
termined by combining osteophyte and JSN grades. Logistic regression was employed to investigate the associations of osteophyte, JSN and
rKOA grades with knee pain and hospital-diagnosed KOA. Cox proportional hazards modelling was used to examine the associations of these
variables with risk of subsequent total knee replacement (TKR).

Results: Of the 19595 participants included (mean age 63.7 years), 19.5% had rKOA grade >1 (26.1% female, 12.5% male). Grade >1 osteo-
phytes and grade >1 JSN were associated with knee pain, hospital-diagnosed KOA and TKR. Higher rKOA grades were linked to stronger asso-
ciations with these clinical outcomes, with the most pronounced effects observed for TKR. Hazard ratios for the association of rKOA grades
with TKR were 3.28, 8.75 and 28.63 for grades 1, 2 and 3-4, respectively.

Conclusions: Our DXA-derived measure of rKOA demonstrated a progressive relationship with clinical outcomes. These findings support the
use of DXA for classifying rKOA in large epidemiological studies and in future population-based screening.

Lay Summary

What does this mean for patients?

Knee osteoarthritis (KOA) is a common condition causing pain and disability, often requiring knee replacement surgery. Diagnosing KOA typi-
cally involves X-rays to detect changes such as bone growths (osteophytes) and narrowing between bones (joint space narrowing). However,
using X-rays in large studies is time-consuming and subjective. Dual-energy X-ray absorptiometry (DXA), a low-radiation imaging method primar-
ily used to measure bone density, offers a promising alternative for KOA assessment. In this study, we analysed nearly 20 000 knee DXA scans
from UK Biobank, using computer-aided techniques to measure osteophytes and joint space narrowing. We found that higher grades of DXA-
derived radiographic KOA were strongly linked to knee pain, hospital-diagnosed KOA and total knee replacement. These findings suggest that
DXA scans can effectively identify KOA and its progression, making them valuable for large studies. As DXA is already widely used for bone
health checks, this method could enable early detection and better management of KOA, improving outcomes for patients.
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Key messages

¢ Radiographic knee osteoarthritis (rKOA) can be semi-automatically derived from DXA images.

¢ DXA-derived rKOA shows expected relationships with clinical outcomes of KOAs.

* DXA imaging presents a viable method for classifying rKOA in large-scale epidemiological research.
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Introduction

Knee osteoarthritis (KOA) is the most common form of osteoar-
thritis (OA), affecting 5.4 million people in the UK alone [1].
Annually, this results in 2100 000 knee replacements being per-
formed [2], with demand for these procedures expected to in-
crease by nearly 40% by 2060 [3]. Diagnosis of KOA is
primarily based on clinical symptoms, with persistent knee pain
being the most common. Radiographically, KOA displays dis-
tinctive features such as osteophyte formation, joint space nar-
rowing (JSN), subchondral sclerosis and cysts. These features
have been integrated into grading systems for use in epidemio-
logical studies, including the widely used Kellgren-Lawrence
(KL) grading system [4], which classifies KOA severity into five
grades ranging from O for ‘normal’ to 4 for ‘severe’. Typically, a
KL grade >2, indicating the presence of a definite osteophyte
and possible JSN, is used to define radiographic KOA (rKOA)
in research studies [5]. However, applying this approach to
large epidemiological studies is challenging due to its time-
consuming and subjective nature [5-9]. As a result, there is
growing interest in developing computer-aided techniques to en-
hance reliability and reduce the time required to derive these
grades [10-15].

To date, large-scale epidemiological studies of OA have
primarily relied on plain radiographs (X-rays), the modality
for which the KL scoring system was developed. However,
DXA imaging has recently emerged as a viable alternative
[16]. Originally developed for measuring BMD at the hip and
spine, DXA is now widely used in osteoporosis diagnosis.
Advances in DXA technology have greatly enhanced its reso-
lution, enabling the visualisation of joint features such as
osteophytes and facilitating the measurement of JSN [16].
The very low radiation exposure associated with DXA devi-
ces [17] makes them well-suited for large-scale epidemiologi-
cal studies, where repeated scans and longitudinal follow-up
are valuable for examining rKOA progression. Moreover, the
routine use of DXA in osteoporosis assessment provides a
unique opportunity for complementary assessment of rKOA,
particularly through opportunistic screening.

UK Biobank (UKB), a large prospective cohort study, is ac-
quiring hip and knee DXA images from 100 000 participants
[18]. A proof-of-concept study involving 40 000 of these hip
DXA scans suggested that DXA images can be used to accu-
rately classify hip OA; robust associations were observed be-
tween grades 2-4 of radiographic hip OA (rHOA) and
various clinical outcomes, including a nearly 60-fold greater
likelihood of requiring total hip replacement in individuals
with rHOA grade 4 [19]. While similar studies for the knee
are lacking, a previous study using knee DXA scans from
UKB suggested that a DXA-derived imaging biomarker for
knee shape, derived from a statistical shape model, could pre-
dict the need for total knee replacement (TKR) [20].

The primary objectives of this study were to develop a
semi-automated method for classifying rKOA using DXA
scans, to apply this method to a large dataset of images from
UKB and to evaluate its face validity by examining its rela-
tionship with clinically important KOA outcomes.

Methods
Population

This study included participants from the UKB Extended
Imaging Study, a subset of the larger UKB cohort. UKB
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enrolled ~500 000 participants ages 40-69 years from across
the UK between 2006 and 2010, collecting extensive health
and lifestyle data. The Extended Imaging Study, initiated in
2014, aimed to collect medical imaging data, including DXA
scans, from 100000 participants [18]. UKB has full ethical
approval from the National Information Governance Board
for Health and Social Care and the North-West Multi-Centre
Research Ethics Committee (11/N'W/0382). All UKB partici-
pants provided consent, including permission for their health
to be followed up through linkage to health-related records.
This study was approved by the UKB under application num-
ber 17295.

DXA-based measures of knee osteoarthritis
DXA-based scoring of osteophytes and JSN

High-resolution knee DXA scans were acquired using a
Lunar iDXA scanner (GE Healthcare, Madison, WI, USA),
with participants lying in a supine position. A machine-
learning algorithm based on random forest regression voting
(BoneFinder, University of Manchester [21]), initially trained
on ~7000 manually annotated left knee DXA images, placed
129 points along the bone contours of the distal femur, prox-
imal tibia, proximal fibula and superior patella, excluding
osteophytes. Details of this methodology have been published
previously [20]. The present study is based on a selection
of 220000 randomly selected right knee DXA images with
automated point placement checked by trained annotators
(R.B.and F.S.).

At the time point placement was checked, each image was
also evaluated for the presence of medial and lateral femoral
and tibial osteophytes using a previously developed DXA-based
atlas (created with input from D.W.) [20]. During training,
interobserver repeatability between annotators (R.B. and F.S.)
was assessed on a random sample of 200 images, demonstrating
good agreement (k=0.68). If osteophytes were present, they
were manually shaded (Fig. 1), and the osteophyte area (mm?)
was calculated using a custom tool (University of Manchester).
To ensure objectivity, the annotators were blinded to KOA out-
comes during this process. In cases of uncertainty, images were
jointly reviewed by the annotators and if consensus could not
be reached, a final opinion was sought from J.T. (professor of
rheumatology). Osteophytes were then automatically graded on
a scale of 0-3 based on area thresholds derived from manual
grading (Supplementary Data S1, available at Rheumatology
Advances in Practice online).

The minimum joint space width (mJSW) of the medial joint
compartment was automatically measured between prede-
fined points (Fig. 1) using a custom Python 3.0 script (https://
www.python.org/). Medial JSN grades were assigned based
on the mJSW measurements: JSN grade 0 for mJSW >3 mm;
grade 1 for mJSW >2.5-<3 mmj; grade 2 for mJSW >2-
<2.5mm; and grade 3 for mJSW <2 mm. The medial joint
compartment was selected due to its common involvement in
primary KOA, with preliminary analyses indicating it as the
most reliable predictor of clinical outcomes.

Generation of rKOA grades

Overall rKOA grades were determined by integrating osteo-
phyte and JSN grades. Subchondral sclerosis and cysts were
not considered because they were rarely observed. Four os-
teophyte sites were assessed, each graded on a scale of 0-3,
resulting in a total possible score of 12. To adjust for their
relative contribution, each site’s grade was multiplied by 0.5,
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Figure 1. An example DXA scan with osteophytes marked up. The left panel displays a DXA image of the knee without annotations, while the right panel
shows the same DXA image with osteophytes manually shaded. Osteophytes are indicated by colours corresponding to their locations: red for the
medial femur, green for the lateral femur, yellow for the medial tibia and blue for the lateral tibia. The mJSW was measured at specific points in the
medial and lateral compartments. For the distal femur, mJSW was measured between medial points 24-30 and lateral points 15-20. For the proximal
tibia, mJSW was measured between medial points 68-73 and lateral points 57-62

resulting in a maximum combined osteophyte score of 6. This
score was then added to the JSN total, resulting in a maximum
sum score of 9 (see Supplementary Table S1, available
at Rbeuwmatology Advances in Practice online). To provide a
5-point overall rKOA grade (similar to the KL radiograph grad-
ing system), we used the following cut-offs: rKOA grade 0,
sum score = 0; grade 1, >0-<1.5; grade 2, >1.5-<3; grade 3,
>3-<4.5; and grade 4, >4.5. Fig. 2 illustrates an example
image corresponding to each rKOA grade. Additionally, as
a sensitivity analysis, we adjusted mJSW measurements by nor-
malizing them against the mean height of the population before
assigning JSN grades (Supplementary Data S1, available at
Rheumatology Advances in Practice online).

Clinical outcomes

A binary variable indicating knee pain lasting for >3 months
was created based on responses obtained from a questionnaire
administered during the participants’ DXA appointment.
Hospital-diagnosed KOA, hereafter referred to as HES-KOA,
was determined using International Classification of Diseases
(ICD) codes (9th and 10th revisions), which were obtained via
linkage to Hospital Episodes Statistics (HES). Records began in
1997 and data were downloaded in July 2023, capturing infor-
mation through the end of October 2022. This variable was
analysed cross-sectionally, recognizing that KOA is a chronic
condition that could have been present before the diagnosis.

TKR had to be subsequent to the scan date and was based on
Office of Population Censuses and Surveys (OPCS) codes, for
which an associated date was obtained. None of the three clini-
cal outcomes were side specific.

Statistical analysis

Logistic regression was employed to investigate the associa-
tions between osteophytes, JSN and rKOA grades with knee
pain and HES-KOA. The findings are presented as odds ra-
tios (ORs) alongside their corresponding 95% ClIs. When
assessing the association of these exposures with TKR, Cox
proportional hazards modelling was used, with results
reported as hazard ratios (HRs) along with their 95% Cls.
The proportional hazards assumption was checked using
Schoenfeld residuals. Each exposure was compared against a
reference group of individuals with a grade of 0 for that spe-
cific exposure. Both crude and adjusted models were con-
ducted, with adjustments made for age, sex, height, weight
and ethnicity (Supplementary Data S1, available at
Rheumatology Advances in Practice online). The primary
analysis included both males and females, with additional
separate analyses conducted for each sex. Additionally, an in-
teraction term for sex was incorporated into the primary
models. All analyses were conducted using Stata version 17
(StataCorp, College Station, TX, USA).
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Figure 2. Example DXA scans representing each grade of rKOA. rKOA grades were generated by integrating data on osteophyte grades and JSN grades.
The images show progression from grade 0 to grade 4, demonstrating increasing severity of OA changes. Grade 0 indicates no radiographic features of
OA, while grades 1-4 show progressively more significant JSN and osteophyte formation

Results
Population characteristics

In total, 19595 right knee DXA scans were available after
applying quality control measures. The mean age of partici-
pants was 63.7years (range 45-82), with approximately
equal sex distribution (51.8% females) (Table 1). A total of
2886 (14.7%) reported having had knee pain for >3 months,
917 (4.7%) had HES-KOA and 271 (1.4%) had undergone
TKR after their DXA scan. The median time to TKR was
2.6 years (interquartile range 1.3-4.1).

Prevalence of rKOA

Osteophytes and JSN

Osteophytes (grade >1) were detected in 2359 (12.0%) DXA
scans (Table 1), with the greatest prevalence observed in the
medial femur, followed by the lateral tibia, medial tibia and
lateral femur. Notably, females exhibited a higher frequency
of osteophytes across all sites compared with males.
Osteophytes tended to be larger on the femur than on the
tibia. Medial JSN (grade >1) was present in 1847 partici-
pants (9.4%) and was almost three times more common in
females. The prevalence of individual osteophyte and JSN
grades can be found in Supplementary Tables S2 and Table
S3, available at Rheumatology Advances in Practice online,
respectively.

Overall rKOA grade

A classifier for rKOA was constructed by combining scores
for osteophytes and JSN. The distribution of participants
across different rKOA grades is detailed in Supplementary
Table S4, available at Rheumatology Advances in Practice
online, with participant characteristics categorized by rKOA
grade presented in Supplementary Table S5, available at
Rheumatology Advances in Practice online. Among the par-
ticipants, 15768 (80.5%) exhibited grade 0 rKOA, while
2883 (14.7%) had grade 1, 712 (3.6%) had grade 2, 158
(0.8%) had grade 3 and 74 (0.4%) had grade 4. Due to the
small number of participants with KOA grade 4, rKOA
grades 3 and 4 were combined in subsequent analyses.

Among females, 26.1% had an rKOA grade >1, compared
with 12.5% for males.

Associations between rKOA and KOA outcomes
Osteophytes vs KOA outcomes

In adjusted analyses, the presence of one or more osteophytes
(grade >1) at any site was associated with knee pain, HES-
KOA and TKR, with progressively higher effect estimates [OR
3.38 (95% CI 3.06, 3.75), 4.67 (4.03, 5.42) and 7.51 (5.84,
9.66), respectively] (Table 2). Results from the unadjusted
analysis, provided in Supplementary Table S6, available at
Rbheumatology Advances in Practice online, demonstrated simi-
lar associations, albeit with larger effect sizes. Osteophytes lo-
cated at each knee region were related to all clinical outcomes,
with lateral femoral and medial tibial osteophytes showing the
strongest associations with HES-KOA and TKR. Results of the
sex-stratified analysis are detailed in Supplementary Tables S7
and S8, available at Rheumatology Advances in Practice online.
The point estimates for the associations of individual osteophyte
sites (grade >1) with pain and TKR were higher in males than
in females after adjustment. However, no evidence of a sex in-
teraction was observed when an interaction term was included
in the main model.

Higher osteophyte grades were generally more strongly as-
sociated with the three clinical outcomes at all four sites, in
both unadjusted and adjusted analyses [Fig. 3; tabulated in
Supplementary Tables S9, available at Rbeumatology
Advances in Practice online (unadjusted) and S10 (adjusted)].
However, some exceptions were observed: grade 2 medial
tibial osteophytes showed slightly weaker associations with
pain compared with grade 1 osteophytes; grade 3 lateral tib-
ial osteophytes showed slightly weaker associations with
HES-KOA compared with grade 2 osteophytes; grade 2 lat-
eral femoral osteophytes showed slightly weaker associations
with TKR compared with grade 1 osteophytes. Although the
trend was less evident in the sex-stratified analyses
(Supplementary Tables S11-S14, available at Rheumatology
Advances in Practice online), the ORs and HRs for grade 3
osteophytes were generally larger than for grade 1. There was
no evidence that sex modified the associations of osteophyte
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Table 1. Baseline descriptive statistics of the study population

All (N=19595)

Female (2 =10146)

Male (2 =9449)

Demographics, mean (range)

63.03 (45-82)
163.59 (135-198)
67.96 (36-169)

64.49 (45-82)
177.29 (150-202)
83.12 (48-160)

Age, years 63.73 (45-82)
Height, cm 170.20 (135-202)
Weight, kg 75.27 (36-169)
Ethnic background 7 (%)
White 18963 (96.77)
Asian 209 (1.07)
Chinese 54(0.28)
Black 116 (0.59)
Mixed 91 (0.46)
Other 110 (0.56)
Unknown 52(0.27)
Radiographic measures, 7 (%)
OP any location 2359 (12.04)
OP all locations 71 (0.36)
Medial femoral OP 1328 (6.78)
Lateral femoral OP 303 (1.55)
Medial tibial OP 1003 (5.12)
Lateral tibial OP 1243 (6.34)
Medial JSN 1847 (9.43)
Radiographic measures, mean (range)
Total OP area, mm* 24.28 (1.99-316.62
Medial femoral OP area, mm? 18.29 (1.99-142.71

Lateral femoral OP area, mm?”
Medial tibial OP area, mm?
Lateral tibial OP area, mm?
Medial mJSW, mm
Lateral mJSW, mm

Clinical outcomes, 7 (%)

3.90 (0-7.27)
4.15 (0.47-7.87)

Knee pain >3 months 2886 (14.73)
HES-KOA 917 (4.68)
TKR 271 (1.38)

Clinical outcomes, median (IQR)

Time to TKR, years 2.60(1.31-4.10)

(

(

20.72 (2.46-155.11

11.57 (2.05-118.09

12.14 (2.18-121.00
(
(

9827 (96.86) 9136 (96.69)
88 (0.87) 121 (1.28)
36 (0.35) 18 (0.19)
63 (0.62) 53(0.56)
49 (0.48) 42 (0.44)
61 (0.60) 49 (0.52)
22 (0.22) 30 (0.32)

1473 (14.52) 886 (9.38)
43 (0.42) 28 (0.30)

900 (8.87) 428 (4.53)
194 (1.91) 109 (1.15)
596 (5.87) 407 (4.31)
748 (7.37) 495 (5.24)
1427 (14.06) 420 (4.44)

22.88 (1.99-316.62)
17.28 (1.99-142.71)
17.26 (2.46-68.56)

( 26.59 (2.12-266.69)
(
(
10.56 (2.05-118.09)
(
(
(

(
20.42 (3.95-123.22)
26.90 (3.29-155.11)
13.06 (2.12-95.09)
11.38 (2.19-121.00) (
3.61(0-6.31) (
3.73 (0.48-7.74) (

13.28 (2.18-90.43)
4.21 (0.37-7.27)
4.59 (0.47-7.87)

1500 (14.78) 1386 (14.67)
425 (4.19) 492 (5.21)
141 (1.39) 130 (1.38)

2.54 (1.46-3.96) 2.68(1.31-4.62)

IQR: interquartile range.

Table 2. The adjusted associations of osteophytes and JSN (grades >1) with KOA outcomes.

Association Pain HES-KOA TKR
OR 95% CI P-value OR 95% CI P-value HR 95% CI P-value

Any OP 3.38  3.74,0.00  1.0x107'* 467  4.03,542 2.7x107% 7.51  5.84,9.66 8.4x107%¢
OP at all locations 3.90 6.30,0.00  3.1x107° 437 248,768  32x1077 5.77  2.94,11.31 3.4%x1077
Medial femoral OP  3.50 3.96, 0.00 1.2%x107% 3.84 3.23,4.57 8.5x 10752 5.20 3.98, 6.80 2.6x10733
Lateral femoral OP  3.39 4.30, 0.00 1.7x10723 6.19 471,814  4.1x107% 7.93 5.60,11.23 2.0x10731
Medial tibial OP 417  4.77,0.00 2.8%x107%3 5.43 4.55,6.47  9.4x107% 8.06 6.21,10.46 1.9%107>°
Lateral tibial OP 2.90 3.30, 0.00 3.0x107%° 3.65 3.06,4.36 6.1x107% 4.86 3.72,6.35 5.8x1073%!
JSN 1.45 1.65, 0.00 7.0%x107% 223 1.85,2.67 1.0x 107172 3.23 2.45,4.26 8.0x 107172

OP: osteophyte.

Logistic regression and Cox proportional hazards modelling results showing the associations of osteophyte and JSN grades (grade >1 vs 0) with knee pain,
HES-KOA and TKR, respectively (=19 595). Models were adjusted for age, sex, height, weight and ethnicity.

% Denotes a sex interaction term with P < 0.05.

grades with clinical outcomes (Supplementary Tables S9 and
$10, available at Rheumatology Advances in Practice online).

JSN vs KOA outcomes

JSN (grade >1) was associated with all three clinical outcomes,
with effect sizes almost 50% less than that of osteophytes [knee
pain: adjusted OR 1.45 (95% CI 1.28,1.65); HES-KOA: OR
2.23 (1.85, 2.67) and TKR: HR 3.23 (2.45, 4.26)] (Table 2). In
sex-stratified analyses, ORs and HRs for the association of JSN
(grade >1) with clinical outcomes were found to be higher in

males compared with females (Supplementary Tables S7 and
S8, available at Rheumatology Advances in Practice online) and
there was evidence of a sex interaction for all outcomes
(Table 2). As JSN grades increased, there was a corresponding
increase in effect estimates (Fig. 3), which stronger associations
for HES-KOA compared with pain and for TKR compared
with HES-KOA. This trend remained consistent among females
(Supplementary  Tables S13 and S14, available at
Rheumatology Advances in Practice online) but was less evident
in males (Supplementary Tables S11 and S12, available at


https://academic.oup.com/rheumap/article-lookup/doi/10.1093/rap/rkaf009#supplementary-data
https://academic.oup.com/rheumap/article-lookup/doi/10.1093/rap/rkaf009#supplementary-data
https://academic.oup.com/rheumap/article-lookup/doi/10.1093/rap/rkaf009#supplementary-data
https://academic.oup.com/rheumap/article-lookup/doi/10.1093/rap/rkaf009#supplementary-data
https://academic.oup.com/rheumap/article-lookup/doi/10.1093/rap/rkaf009#supplementary-data
https://academic.oup.com/rheumap/article-lookup/doi/10.1093/rap/rkaf009#supplementary-data

35

30

25+

20+

154

Odds ratio with 95% ClI

104

T
54 #3014

o_

Knee pain

T
Medial femoral
OP grade

35
30
25+
20+

15+

5: ﬁﬁ

Odds ratio with 95% CI

0

Lateral femoral
OP grade

T
Medial tibial
OP grade

HES KOA

T
Lateral tibial JSN
OP grade

Medial femoral
OP grade

35
30
25+
20+

15+

10 %’
5_

Hazard ratio with 95% CI

O_

Lateral femoral
OP grade

T
Medial tibial
OP grade

TKR

T
Lateral tibial JSN
OP grade

Medial femoral
OP grade

Lateral femoral
OP grade

T
Medial tibial
OP grade

T
Lateral tibial JSN
OP grade

ce »>eoe

Rhona A. Beynon et al.

Grade 1
Grade 2
Grade 3

Unadjusted
Adjusted

Figure 3. Associations of osteophyte grades and medial JSN grades with KOA outcomes. The graphs depict both crude and adjusted ORs and HRs,
accompanied by 95% Cls, for knee pain, HES-KOA and TKR, across different grades of osteophytes and JSN (n=19595). Models are adjusted for age,
sex, height, weight, and ethnicity. Cl: Confidence Interval, HES-KOA: Knee Osteoarthritis based on Hospital Episode Statistics; JSN: Joint Space
Narrowing; OP: Osteophyte; TKR: Total Knee Replacement
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Rheumatology Advances in Practice online), although individ-
ual grades were still strongly associated with all three KOA out-
comes. There was some evidence of a sex interaction [9, 10].

rKOA vs KOA outcomes

The relationship between rKOA grades and clinical outcomes
showed a consistent pattern of increasing strength of associa-
tion with greater rKOA grade, which was observed across all
three outcomes (Fig. 4; tabulated in Supplementary Table
S15, available at Rheumatology Advances in Practice online).
Adjusted ORs for pain ranged from 2.04 (95% CI 1.84,
2.26) for grade 1 rKOA to 7.08 (95% CI 5.41, 9.27) for
grades 3—4. Similarly, for HES-OA, the adjusted ORs ranged
from 2.67 (95% CI 2.25, 3.16) for grade 1 rKOA to 10.24
(95% CI 7.53, 13.93) for grades 3-4. Regarding TKR, HRs
ranged from 3.97 (95% CI 2.90, 5.42) for grade 1 to 21.11
(95% CI 14.28, 31.19) for grades 3—4. In sex-stratified analy-
ses (Supplementary Table S15, available at Rheumatology
Advances in Practice online), rKOA measures remained asso-
ciated with all three outcomes, with a clear progressive trend
in females. In males, grade 2 rKOA had a stronger association
with HES-KOA and TKR compared with grades 3-4, al-
though grades 3—4 were still associated. Sex interactions were
apparent for certain rKOA grades. Specifically, in adjusted
models, there was evidence suggesting that the associations of
rKOA grade 2 and rKOA grades 3—4 with HES-KOA and
TKR were modified by sex. We conducted a sensitivity analy-
sis to ensure that the observed associations between rKOA
grades and clinical outcomes were not confounded by varia-
tions in participant height, as the shorter stature in females
may have explained their greater prevalence of JSN. After de-
riving rKOA grades using height-normalized mJSW (preva-
lence detailed in Supplementary Table S16, available at
Rheumatology Advances in Practice online), the results
showed a similar sex interaction in the relationship between
rKOA grade and clinical outcomes (Supplementary Table
S17, available at Rheumatology Advances in Practice online).

Discussion

We aimed to develop a novel classifier for rKOA based on
knee DXA scans. To minimize subjective interpretation, we
applied semi-automated techniques to annotate and grade
osteophytes and JSN on scans from nearly 20 000 UKB par-
ticipants to derive tKOA grades. Our study revealed an
rKOA prevalence of 19.5%, consistent with previous esti-
mates of rKOA based on X-rays, although reported ranges
vary widely [22]. These variations likely stem from differen-
ces in participant selection, demographics and study charac-
teristics. For instance, Cui et al. [23] reported prevalence
rates of rKOA (defined as KL grade >2) ranging from 9 to
55% across 19 studies conducted between 2001 to 2020,
with a pooled estimate of 28.7%. These studies were notably
smaller in scale than the present investigation. Specifically,
the study reporting a 9% prevalence rate included 1128 indi-
viduals from the USA with a mean age of 62 years (range 34—
90), whereas the study with a 55% prevalence rate involved
3040 Japanese participants with a mean age of 70 years (s.D.
11). Our finding that women exhibited a higher rate than
men (26.1% vs 12.5%) aligns with the existing literature,
which consistently shows a higher prevalence of KOA among
women, especially over the age of 40 years [24, 25].

To evaluate the face validity of our measure, we investi-
gated associations with clinical outcomes related to KOA,
namely prolonged knee pain, HES-KOA and subsequent
TKR. These outcomes serve as proxies for increasing severity,
with TKR representing end-stage OA. We observed robust
and progressively increasing associations between grades of
rKOA and all three outcomes. Furthermore, rKOA grades
demonstrated stronger relationships with more advanced out-
comes, with 7-fold, 10-fold and 19-fold increased risks of
knee pain, HES-KOA and TKR for rKOA grades 3-4 com-
pared with grade 0. These relationships appeared to reflect
associations of both osteophyte and JSN grade with clinical
outcomes, both of which were used to derive rKOA grades.
That being said, pain correlated more strongly with the pres-
ence of osteophytes than with JSN, which is consistent with
some studies [26, 27], but not all [28]. Taken together, these
findings suggest that rKOA may have clinical relevance, given
its relationship with outcomes such as pain and risk of TKR.
While NICE guidelines prioritize a symptom-based diagnosis
[29], our results suggest that imaging could be beneficial in
certain cases, potentially complementing clinical assessments
and aiding in treatment decisions.

Interestingly, we found evidence of a sex difference in the
associations of JSN with KOA outcomes, as well as rKOA
with pain, with generally higher effect estimates observed in
males. Furthermore, the association between rKOA grade
and HES-KOA and TKR was stronger in males at lower
grades. This discrepancy may be attributed to narrower joint
space width in healthy females compared with males, possi-
bly due to their smaller stature, making JSN (derived from
mJSW) a less specific measure for OA in females. This could
in turn result in weaker associations with clinical outcomes.
However, results of the sensitivity analysis show that these
differences persist even after normalizing mJSW by mean
height, suggesting that radiographic evidence of KOA may
not correspond as closely with clinical outcomes in women.
Other studies support this by demonstrating that, given the
same level of radiographic severity, women tend to experi-
ence more intense pain and physical limitations than men
[25, 30].

To our knowledge, no other automated or semi-automated
rKOA classification system using knee DXA images has been
reported. However, various machine learning and deep-
learning methods have been applied to X-rays. Unlike our ap-
proach, which uses thresholds for JSN and osteophyte size,
X-ray-based studies have typically trained models based on
diagnoses made by radiologists. For example, Thomas et al.
[10] developed an automated model using a convolutional
neural network to detect rKOA (KL grade > 2) from X-rays
graded by radiologists, achieving performance comparable to
human assessment. Similarly, Tiulpin et al. [31] employed
deep-learning methods to accurately predict KL grade from
knee X-rays, achieving an area under the ROC curve of 0.98
for detecting rKOA (KL grade >2).

Similar to the conventional KL grading system, our DXA-
derived classification system prioritizes the assessment of
osteophytes and JSN, as these features are considered hall-
mark signs of OA progression and have been associated with
knee symptoms [32-36]. While sclerosis is a component of
the KL grading system, definitive sclerosis was observed too
infrequently on DXA images for inclusion in our classifier.
This may represent a significant limitation given that some
studies suggest sclerosis is associated with knee pain [28, 37].
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On the other hand, our classifier offers several distinct advan-
tages. For example, KL grading often introduces ambiguity,
with terms like ‘definite’ osteophyte and ‘possible’ JSN (as-
suming a continuous progression of these structural changes),
that can lead to discrepancies between raters and across stud-
ies [5-9]. In contrast, we automated the measurement of
mJSW, enabling us to establish quantitative cut-offs for JSN.
While osteophytes were manually identified, our classifier
uses specific area-based cut-offs to define osteophyte grade,
thereby avoiding the subjective scoring used in KL grading.
Importantly, we observed strong correlations between these
osteophyte grades and all three KOA outcomes, validating
their use in future studies. By leveraging advancements in
computer vision technologies, it may become feasible to fully
automate the shading of osteophytes, enabling the wide-
spread application of our classifier in large-scale epidemio-
logical studies.

Another key strength of our method for evaluating rKOA
is the lower radiation exposure of DXA scans compared with
X-rays, making it particularly well-suited to repeated assess-
ments over time. This approach could facilitate the evalua-
tion of KOA-related structural changes in large cohorts,
potentially uncovering new risk factors, including genetic
ones, and leading to the identification of novel therapeutic
targets. Additionally, since DXA scans are routinely used in
osteoporosis screening, they offer an opportunity for simulta-
neous rKOA assessment, particularly in asymptomatic indi-
viduals at risk. This integration could facilitate earlier
detection and intervention, improving outcomes and slowing
disease progression.

In terms of limitations, although our clinical outcomes re-
lated to KOA were not side specific, our classification of
rKOA was based solely on right knees. However, this ap-
proach likely reduces effect estimates rather than introducing
biased associations. Additionally, HES-KOA, while specific,
may be insensitive since obtaining an ICD code necessitates a
hospital admission. Furthermore, since our classification sys-
tem was developed using data from the UKB cohort, a pre-
dominantly Caucasian population, future studies should
replicate our findings in diverse demographic groups to vali-
date their broader applicability. A further limitation is that,
unlike previous studies based on X-rays, DXA images are ac-
quired with participants in a supine position, as opposed to
weight bearing, meaning the mJSW is usually larger [38].
Like X-rays, being two-dimensional, DXA scans provide a
limited view of osteophytes and can be distorted by minor
changes in patient positioning, potentially obscuring osteo-
phytes from view. The lower prevalence of lateral femoral
osteophytes observed in our analysis compared with other
sites may indicate potential issues related to rotation during
image acquisition.

In conclusion, we have developed a semi-automated classi-
fier for rKOA for use on knee DXA images, based on combi-
nations of osteophytes at four locations within the knee joint
and medial JSN. Having applied this classifier to right knee
DXA images from ~20000 UKB participants, we observed
expected prevalence rates for rKOA, including higher rates in
females than males. Moreover, rKOA showed expected pro-
gressive associations with clinical outcomes, namely knee
pain, HES-OA and TKR. Based on these findings, we propose
that knee DXA scans could provide a valuable tool for ascer-
taining rKOA in large cohort studies, as well as pointing to
their possible use in population-based screening.

Supplementary material

Supplementary material is available at Rbeumatology

Advances in Practice online.

Data availability

The data from this study will be available from UK Biobank
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