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Clinical pathways before total knee replacement in England: a 
population-based retrospective cohort study using sequence 
analysis and multilinked electronic health records
Smitha Mathew, Emma Parry, George Peat, Dahai Yu

Summary
Background The UK National Institute for Health and Care Excellence recommends a structured care pathway for 
osteoarthritis; however, real-world practice often diverges from these guidelines, and the patient journey through 
primary care before knee replacement is not well described. We aimed to characterise real-world care pathways 
before total knee replacement and to identify patient characteristics associated with different patterns of care 
using sequence analysis and linked electronic health records.

Methods In this population-based retrospective cohort study, we identified patients aged 45 years or older who 
underwent primary total knee replacement between Jan 1, 2007, and Dec 31, 2021, from the Clinical Practice 
Research Datalink Aurum database, linked to Hospital Episode Statistics data in England, UK. Sequence analysis 
was applied to classify health-care patterns in the 10 years preceding total knee replacement, based on care 
strategies such as consultations, analgesic prescriptions, referrals, and knee surgeries. Multinomial logistic 
regression was used to determine the associations between patients’ characteristics and care pathways.

Findings We included data for 129 470 patients in the analysis (mean age 69⋅7 years [SD 9⋅4]; 73 212 [56⋅5%] were 
female, 56 258 [43⋅5%] were male). Sequence analysis identified five distinct care pathways: low health-care use 
(48 922 [37⋅8%] of 129 470 patients), moderate health-care use (30 947 [23⋅9%] patients), opioids predominant 
(25 983 [20⋅1%] patients), gabapentinoids and antidepressants predominant (5910 [4⋅6%] patients), and non-
steroidal anti-inflammatory drugs predominant (17 708 [13⋅7%] patients). Patients from the most deprived areas 
had higher odds of being in the opioids predominant (odds ratio 3⋅86, 95% CI 3⋅57–4⋅18) and gabapentinoids and 
antidepressants predominant (3⋅50, 3⋅07–3⋅99) clusters, relative to the low health-care use cluster. In addition, 
female sex, age above 75 years, BMI of 25⋅0 kg/m 2 or higher, multiple comorbidities, and being Black or South 
Asian ethnicity (vs White ethnicity) were significantly associated with the odds of membership in all other 
clusters relative to the low health-care use cluster.

Interpretation The identification of distinct and non-guideline-concordant pathways highlights persistent gaps in 
primary care management of patients with osteoarthritis. These findings underscore the need for targeted 
primary care interventions to support timely, evidence-based, non-pharmacological management and to promote 
more consistent and equitable care before knee replacement.

Funding National Natural Science Foundation of China, Henan Key Research and Development Special Project, and 
National Institute for Health and Care Research Applied Research Collaboration West Midlands.

Copyright © 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).

Introduction
Osteoarthritis is a leading cause of disability that substan-
tially restricts an individual’s ability to carry out daily 
activities. 1 In 2023, more than 635 million people were 
estimated to have osteoarthritis worldwide, and the knee is 
the most commonly affected joint. 2 An estimated 10 million 
people in the UK are affected by osteoarthritis, with knee 
osteoarthritis accounting for nearly half of these cases. 3 

Osteoarthritis is predominantly managed in primary care 
and accounts for approximately 10% of all primary care 
consultations in the UK. 4

Total knee replacement is a definitive and cost-effective 
intervention for managing end-stage knee osteoarthritis. 5

In England and Wales, approximately 134 652 primary total 
knee replacement procedures were performed in 2024 for 
osteoarthritis. 6 Although total knee replacement is a 
definitive intervention for end-stage disease, there remains 
a critical need to optimise conservative care during the 
earlier stages of osteoarthritis. The UK National Institute 
for Health and Care Excellence (NICE) outlines a structured 
care pathway for osteoarthritis, beginning with diagnosis 
and self-management, followed by core non-surgical treat-
ments (including patient education, exercise, and weight 
management), a broad range of non-pharmacological and 
pharmacological interventions, and referral for consider-
ation of joint surgery. 7 Within this pathway, primary care is
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the principal setting in which osteoarthritis is diagnosed, 
evidence-based non-surgical treatments are initiated, and 
decisions regarding referral to secondary care are made. 
However, the real-world care pathways followed by patients 
in primary care remain unclear and might deviate 
substantially from recommended guidelines.
Evidence shows that many patients with knee osteoarth-

ritis do not receive guideline-recommended care. 8–14 

A Danish cohort study found that only 23% of patients 
received recommended treatments before or within 
6 months of orthopaedic consultation, while 62% received 
non-recommended treatments. 14 US and Dutch studies 
have reported frequent opioid use, corticosteroid injections, 
imaging, and referrals to secondary care before total knee 
replacement, and a Swedish study showed underuse and 
delay of physiotherapy. 8,12,13 These studies highlight wide 
variation and suboptimal alignment with guidelines, but 
they focused mainly on individual treatments or short-term 
care episodes rather than the overall pattern of care expe-
rienced by patients over time. To address this gap, we used 
large-scale linked electronic health records (EHRs) and 
sequence analysis to map and understand 10-year care 
pathways preceding total knee replacement, and we 
examined how these care pathways varied by patient char-
acteristics to identify disparities and opportunities for 
improving osteoarthritis care. Characterising patients’ 
journeys through primary and secondary care before total 
knee replacement is essential for identifying where primary 
care strategies might enhance the equity, quality, and

timeliness of care in the UK and other primary care-led 
health systems worldwide.
Sequence analysis is an emerging statistical approach in 

health-care research and has been widely applied in social 
science to study life-course trajectories and career pat-
terns. 15 Sequence analysis provides a patient-level, time-
sensitive view of care pathways, enabling detailed 
comparison of individual trajectories and revealing vari-
ation and timing of care. When process-mining methods 
are applied directly to individual-level event logs, they 
generate very similar patient-level, time-ordered repre-
sentations of care. 16 In this setting, sequence analysis and 
process mining are conceptually synonymous, differing 
mainly in terminology and in specific implementation 
choices (eg, distance metrics or clustering algorithms) 
rather than in the structure of the resulting pathways. The 
robustness and applicability of sequence analysis have been 
shown across diverse health-care contexts, including 
chronic disease management and health-care utilisation. 17–19 

Sequence analysis provides a comprehensive understand-
ing of real-world pathways, allowing researchers to identify 
unmet needs, guide resource allocation, and inform strat-
egies to improve the equity and quality of care for people 
with osteoarthritis.
Thus, the objectives of our study were to explore the 

health-care pathways before knee replacement in patients 
with osteoarthritis using sequence analysis and linked 
EHRs, and to investigate the association between patient 
characteristics and the identified care pathways.

Research in context

Evidence before this study
Total knee replacement is a definitive and cost-effective 
intervention for managing end-stage knee osteoarthritis. The UK 
National Institute for Health and Care Excellence recommends a 
structured care pathway for osteoarthritis, beginning with 
diagnosis and self-management, followed by core non-surgical 
treatments such as patient education, physical activity, and 
weight management, progressing to broader non-
pharmacological and pharmacological interventions and referral 
for joint surgery when appropriate. However, real-world care 
pathways often differ from recommended guidelines and remain 
poorly characterised. We searched MEDLINE from database 
inception to July 31, 2025, using the following search terms: (“care 
pathways” OR “clinical pathways” OR “care patterns” OR “care 
trajectories” OR “patterns”) AND (“osteoarthritis” OR “knee 
replacement” OR “knee arthroplasty”). The search results were 
limited to peer-reviewed publications in English. We found
14 studies that investigated treatment patterns in osteoarthritis, 
and seven that had specifically examined knee osteoarthritis. 
However, these studies primarily focused on the prevalence of 
individual care strategies or short-term episodes of care, rather 
than providing a comprehensive assessment of longitudinal care 
pathways. Mapping such pathways allows for a more complete

understanding of patient journeys, revealing patterns and 
deviations from guideline-recommended care.

Added value of this study
To our knowledge, this study offers the first comprehensive 
mapping of real-world management trajectories preceding total 
knee replacement using large-scale UK electronic health record 
data and an innovative sequence analysis approach. Unlike 
previous studies that examined individual treatments or short-
term care episodes, this research captures entire care pathways 
spanning 10 years, revealing five distinct care pathway typologies 
that reflect heterogeneous patterns of osteoarthritis 
management in routine clinical practice.

Implications of all the available evidence
A clear understanding of health-care pathways helps identify 
service gaps and highlight areas for improvement. Substantial 
socioeconomic inequalities were evident, with individuals from 

the most deprived areas being more likely to receive non-
guideline-based management. These findings are crucial for 
enhancing health-care delivery, reducing disparities in service 
provision, and informing evidence-based policies that promote 
more effective and equitable care for people with knee 
osteoarthritis.
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Methods
Study design and participants
We did a population-based retrospective cohort study using 
data from the Clinical Practice Research Datalink (CPRD) 
Aurum database linked to Hospital Episode Statistics 
(HES) Admitted Patient Care (APC) and Index of Multiple 
Deprivation (IMD) data. The CPRD Aurum contains ano-
nymised patient-level primary care data from general 
practices in England, UK, including demographics, con-
sultations, diagnoses, prescriptions, diagnostic tests, and 
referrals. 20 HES APC provides comprehensive information 
on all National Health Service (NHS) hospital admissions, 
while private health care is not captured within CPRD or 
HES. In the UK, health care is publicly funded through the 
NHS, which provides care for all residents based on clinical 
need, including primary and secondary services. The IMD 
is a composite measure encompassing seven domains of 
material deprivation: income, employment, education and 
skills training, health deprivation and disability, barriers to 
housing and services, local crime, and living environ-
ment. 21 As of the June, 2024 data release, CPRD Aurum 
comprised records for 47⋅8 million patients of whom 
16⋅2 million were active from 1596 general practices in 
England. 22

The study was approved by the independent scientific 
advisory committee for CPRD research (Protocol 
#24_003806). As the study used anonymised routinely 
collected data, the requirement for individual patient con-
sent was waived. No further ethical permissions were 
required for the analyses of these anonymised patient-level 
data. We reported the study according to the Reporting of 
Studies Conducted using Observational Routinely-collected 
Health Data (RECORD) guidelines (appendix pp 2–8). 23

The study population was extracted by CPRD in July, 
2024, and it included all patients with a recorded total 
knee replacement in HES APC between April 1, 1997, and 
Dec 31, 2021. Total knee replacements were identified 
using all relevant Office of Population Censuses and Sur-
veys Classification of Surgical Operations and Procedures 
(OPCS) codes from the HES APC database (appendix p 9). 
Eligibility criteria were: (1) age 45 years or older; (2) a 
recorded primary total knee replacement between Jan 1, 
2007, and Dec 31, 2021; (3) continuous registration in the 
health-care database for a minimum of 10 years before the 
index year (the year of primary total knee replacement);
(4) consent to linkage with HES APC and IMD data; and
(5) no recorded total knee replacement within the 10 years 
preceding the index year. We did not require a recorded 
diagnosis of osteoarthritis or joint pain as an inclusion 
criterion because these diagnoses are frequently under-
recorded in primary care data, including among patients 
who subsequently undergo total knee replacement. 
According to the National Joint Registry, 98% of total knee 
replacements in the UK are performed for osteoarthritis; 6 

therefore, excluding cases without an explicit osteoarthritis 
code would risk misclassification due to incomplete

diagnostic coding. The year 2007 was selected as the initial 
index year because HES APC data have been available in 
CPRD since 1997, allowing a 10-year look-back period for all 
potentially eligible participants.

Procedures
For our analysis of care sequences, the study data manager 
extracted data on care strategies from the CPRD database, 
including all recorded consultations for knee pain, anal-
gesic prescriptions, referrals for imaging, physiotherapy 
and specialist care, intra-articular corticosteroid injections, 
and surgical procedures over the 10-year period, regardless 
of whether they were specifically related to knee osteo-
arthritis. Analgesic prescriptions were categorised into oral 
or topical non-steroidal anti-inflammatory drugs (NSAIDs; 
eg, ibuprofen, naproxen, diclofenac), non-NSAIDs 
(eg, paracetamol, capsaicin), weak opioids (eg, codeine 8 mg 
and paracetamol), moderate opioids (eg, dihydrocodeine 
20 mg), strong opioids (eg, tramadol 50 mg), very strong 
opioids (eg, oxycodone), antidepressants (ie, amitriptyline 
and duloxetine), and gabapentinoids (ie, gabapentin and 
pregabalin). Knee surgeries included meniscus surgery, 
ligament reconstruction, osteotomy, and synovial surgery. 
All prescribed analgesics were identified using appropri-
ate product codes from the Dictionary of Medicines and 
Devices, based on lists developed in previous CPRD 
studies conducted by the University of Keele’s Medical 
Records Research Group (code lists available online). 
Primary care consultations for knee pain and referrals for 
imaging, physiotherapy, orthopaedic specialist care, and 
intra-articular corticosteroid injections were defined 
using Systematised Nomenclature of Medicine Clinical 
Terms (SNOMED CT) codes (appendix pp 10–14). 
Surgical procedures were identified using OPCS codes 
(appendix pp 14–15).
We also extracted patients’ age, sex, BMI, comorbidities, 

smoking status, drinking status, ethnicity, and geograph-
ical region. Sex was self-reported by patients at the time of 
general practice registration and recorded in CPRD 
demographic records. Ethnicity was obtained from linked 
HES data, where it is self-reported by patients at hospital 
admission and recorded using standard CPRD categories. 
The list of comorbidities was based on Charlson’s 17 pre-
defined clinical conditions, 24 identified through the pres-
ence of relevant diagnostic codes in patients’ health records 
over the 10-year period. All covariates were measured at the 
index year, except for BMI, smoking status, and drinking 
status, which were defined using the most recent value 
recorded within the 10 years before the index year to account 
for a higher likelihood of missing data. Neighbourhood 
deprivation was assessed using the 2019 English IMD rank. 
We implemented several measures to minimise potential 
sources of bias, including data completeness checks, use 
of validated code lists, and restriction to patients with 
continuous registration and linked data availability.

See Online for appendix

For the code lists see https:// 
www.keele.ac.uk/hcdr/
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Statistical analysis
We used descriptive statistics to summarise the key char-
acteristics of the study population, with mean (SD) for 
continuous variables and counts and percentages for cat-
egorical variables. We examined the annual prevalence of

 749 378 patients who had recorded TKR in HES APC database between 
  April 1, 1997, and Dec 31, 2021

 746 865 with recorded TKR date

 512 503 with unique record of TKR

366 656 with first TKR between Jan 1, 2007, and Dec 31, 2021

 307 963 with CRPD registration start date

 130 728 with continuous 10 years of registration before index TKR

 130 703 with linkage to both HES APC and IMD

 2513 with no recorded date for the TKR

234 362 with >1 TKR

 145 847 with first total knee replacement outside date range Jan 1, 2007, 
  and Dec 31, 2021

 58 693 without CRPD registration start date

 25 without linkage to HES APC or IMD or both

 129 470 included in analysis

 177 235 excluded 
83 149 for whom TKR after registration end date 
 46 279 for whom TKR before registration start date 
 4257 with 9 years of registration before index TKR 
 4248 with 8 years of registration before index TKR 
 4169 with 7 years of registration before index TKR
 4186 with 6 years of registration before index TKR 
 4399 with 5 years of registration before index TKR 
 4484 with 4 years of registration before index TKR 
 4820 with 3 years of registration before index TKR 
 5213 with 2 years of registration before index TKR 
 5880 with 1 year of registration before index TKR 
 6151 with same year of registration and index TKR

 1233 aged <45 years

Figure 1: CPRD flowchart
APC=Admitted Patient Care. CPRD=Clinical Practice Research Datalink. HES=Hospital Episode Statistics. IMD=Index of 
Multiple Deprivation. TKR=total knee replacement.

Patients 
(N=129 470)

Sex

Male 56 258 (43⋅5%)

Female 73 212 (56⋅5%)
Mean age, years 69⋅7 (9⋅4)
Age group

45–54 years 8580 (6⋅6%)

55–64 years 29 349 (22⋅7%)

65–74 years 49 024 (37⋅9%)

75–84 years 36 373 (28⋅1%)

≥85 years 6144 (4⋅7%)
Mean BMI, kg/m 2 29⋅71 (6⋅0)
BMI group

Underweight (<18⋅5 kg/m 2 ) 1384 (1⋅1%)

Normal (18⋅5–24⋅9 kg/m 2 ) 24 344 (18⋅8%)

Overweight (25⋅0–29⋅9 kg/m 2 ) 43 200 (33⋅4%)

Obese (≥30⋅0 kg/m 2 ) 52 320 (40⋅4%)

Missing 8222 (6⋅4%)
Comorbidities

0 54 055 (41⋅8%)

1 41 490 (32⋅0%)

2 20 983 (16⋅2%)

≥3 12 942 (10⋅0%)
Smoking status

Never smoker 67 994 (52⋅5%)

Ex-smoker 39 648 (30⋅6%)

Current smoker 18 722 (14⋅5%)

Missing 3106 (2⋅4%)
Drinking status

Never drinker 10 244 (7⋅9%)

Ever drinker 14 943 (11⋅5%)

Missing 104 283 (80⋅5%)
Ethnicity

White 120 659 (93⋅2%)

Black 1461 (1⋅1%)

South Asian 3723 (2⋅9%)

Other or unknown 3627 (2⋅8%)
Geographical region

North East 6226 (4⋅8%)

North West 26 374 (20⋅4%)

Yorkshire & The Humber 5682 (4⋅4%)

East Midlands 3164 (2⋅4%)

West Midlands 24 457 (18⋅9%)

East of England 5910 (4⋅6%)

London 13 452 (10⋅4%)

South East 26 300 (20⋅3%)

South West 17 905 (13⋅8%)
Index of Multiple Deprivation decile

1 (least deprived) 15 780 (12⋅2%)

2 14 721 (11⋅4%)

3 15 058 (11⋅6%)

4 15 415 (11⋅9%)

5 13 012 (10⋅1%)

6 13 205 (10⋅2%)

(Table 1 continues on next page)
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different care strategies over the 10 years preceding the 
index total knee replacement, stratified by age, sex, and 
other covariates. We used sequence analysis to 
identify clusters of patients who followed similar care 
pathways before total knee replacement. A full methodo-
logical description of the sequence analysis is in the 
appendix (pp 16–18). Briefly, the initial step in sequence 
analysis is to define the categorical states and the time 
interval used to construct the care sequence for each 
patient. A state represents a specific health-care event or 
care strategy (eg, a knee pain consultation, physiotherapy 
referral, or analgesic prescription) recorded within a given 
time interval. We used 6-month intervals over the 10-year 
observation period, resulting in a sequence of 20 care 
events for each patient. Dissimilarities between sequences 
were calculated using optimal matching with transition 
rate-based substitution costs and a cost of one for an 
insertion or deletion. Patients were grouped according to 
similar care patterns using the CLARA (Clustering Large 
Applications) algorithm. We determined the optimal 
number of clusters using a combination of cluster quality 
indices and clinical interpretability. We used state distri-
bution plots to summarise the sequences. These plots 
show, for each timepoint, the proportion of patients in each 
care state, providing a visual overview of how care patterns 
changed over time.
Associations between cluster membership and patient 

characteristics were examined using the χ 2 test. In post-hoc

analyses, standardised Pearson residuals were calculated to 
identify cells contributing most to the overall χ 2 statistic; 
absolute residual values of 2 or higher indicate that the 
observed count differs significantly from the expected 
count under the null hypothesis. We fitted a single multi-
nomial logistic regression model in which all patient 
characteristics were entered simultaneously, thereby 
mutually adjusting each factor for the others. As this was an 
exploratory analysis, we did not identify confounders for 
specific exposure–outcome associations; instead, estimates 
reflect associations from one mutually adjusted model. 
Associations were reported as odds ratios (ORs) with 
95% CIs. Missing data for BMI (n=8222), IMD (n=559), and 
smoking status (n=3106) were handled using multiple 
imputation by chained equations under the assumption 
that data were missing at random. 25 The imputation model 
included all variables from the multinomial regression 
model as well as the cluster membership. Variable-specific 
imputation models were applied: linear regression for BMI, 
ordered logistic regression for IMD, and multinomial 
logistic regression for smoking status. Height and weight 
were included as auxiliary variables to support BMI 
imputation. A total of 100 imputations were generated, and 
estimates were combined using Rubin’s rules to obtain 
overall estimates and SEs.
We did subgroup analyses stratifying the population by 

sex, age group (≤65 years and >65 years), and calendar 
period (2007–11, 2012–16, and 2017–21). We did sensitivity 
analyses to assess the robustness of the findings using 
alternative dissimilarity measures, including the longest 
common subsequences, hamming distance, and dynamic 
hamming distance, and by applying a 12-month time 
interval. In addition, we did a sensitivity analysis restricted 
to the period 2007–19 to examine care patterns before the 
COVID-19 pandemic.
All statistical analyses were done using Stata (version 18.0). 

Statistical significance was set at p<0⋅05. Sequence analysis 
and visualisation were performed using the TraMineR 
and WeightedCluster packages in R version 4.2.1.

Role of the funding source
The funders of the study had no role in study design, data 
collection, data analysis, data interpretation, or the writing 
of the report.

Results
We identified 129 470 eligible individuals who underwent 
primary total knee replacement during the study period 
(figure 1). The characteristics of study participants are 
shown in table 1. Mean age was 69⋅7 years (SD 9⋅4), 73 212 
(56⋅5%) of 129 470 participants were female and 56 258 
(43⋅5%) were male, 52 320 (40⋅4%) were classified as obese, 
120 659 (93⋅2%) were White, and 8741 (6⋅8%) were from 
the most deprived areas.
The prevalence of care strategies over the 10 years pre-

ceding the index total knee replacement stratified by age, sex, 
and other covariates is presented in the appendix (pp 19–42).

Patients 
(N=129 470)

(Continued from previous page)

7 12 415 (9⋅6%)

8 10 606 (8⋅2%)

9 9958 (7⋅7%)

10 (most deprived) 8741 (6⋅8%)

Missing 559 (0⋅4%)
Index year

2007 8455 (6⋅5%)

2008 9003 (7.0%)

2009 8683 (6⋅7%)

2010 9037 (7.0%)

2011 9012 (7.0%)

2012 9019 (7.0%)

2013 9151 (7⋅1%)

2014 10 119 (7⋅8%)

2015 10 282 (7⋅9%)

2016 10 553 (8⋅2%)

2017 10 434 (8⋅1%)

2018 9736 (7⋅5%)

2019 10 244 (7⋅9%)

2020 4943 (3⋅8%)

2021 799 (0⋅6%)

Data are n (%) or mean (SD).

Table 1: Baseline characteristics of patients
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Consultations and analgesic prescriptions generally 
increased gradually over time, with a notable rise in the
2 years before surgery. Physiotherapy referrals generally 
remained consistently low (<10%), whereas referrals for 
imaging, injections, and specialists care generally increased 
substantially closer to surgery.
Sequence analysis identified five distinct clusters based 

on similar care patterns (figure 2). The optimal number 
of clusters was chosen using cluster quality indices 
(appendix p 43) and clinical interpretability. Cluster
1 included 48 922 (37⋅8%) of 129 470 individuals and was 
characterised by consistently low health-care use between 
10 and 3 years before surgery, followed by a gradual 
increase in the 2 years preceding total knee replacement. 
This group was labelled as low health-care use. Cluster
2 included 30 947 (23⋅9%) individuals and who showed a 
moderate level of health-care use that increased progres-
sively over time; this group was labelled as moderate health-
care use. Cluster 3 included 25 983 (20⋅1%) and exhibited 
a predominant use of opioids, it was hence labelled as 
opioids predominant. Cluster 4 included 5910 (4⋅6%)

individuals and was characterised by sustained use of 
gabapentinoids and antidepressants and was labelled as 
gabapentinoids and antidepressants predominant. Finally, 
cluster 5 included 17 708 (13⋅7%) individuals and was 
characterised by predominant NSAIDs use; this group was 
therefore labelled as NSAIDs predominant.
Patients’ characteristics across clusters of similar care 

patterns are presented in table 2. Table 3 summarises the 
results of the multinomial logistic regression analysis 
conducted to identify potential predictors of cluster mem-
bership. We calculated ORs to estimate the likelihood of 
patients belonging to each cluster, using the low health-care 
use group as the reference cluster. Patients from the most 
deprived areas had significantly higher odds of belonging 
to the opioids predominant cluster (OR 3⋅86, 95% CI 
3⋅57–4⋅18) and gabapentinoids and antidepressants pre-
dominant cluster (3⋅50, 3⋅07–3⋅99) than did patients from 
the least deprived areas, relative to the low health-care use 
cluster. In addition, female sex, age above 75 years, BMI of 
25⋅0 kg/m 2 or higher, multiple comorbidities, and being 
Black or South Asian ethnicity (vs White ethnicity) were

No health-care use
Knee pain consultation

Gabapentinoids
Physiotherapy referralNSAIDs

Non−NSAIDs Opioids
Antidepressants Specialist care referral

Imaging referral Steroid injection
Knee surgery

Moderate health-care use (n=30 947)Low health-care use (n=48 922)

0

20

40

60

80

100

Pr
op

or
tio

n 
(%

)

NSAIDs predominant (n=17 708)

0

20

40

60

80

100
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op

or
tio

n 
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)

108 96 84 72 60 48 36 24 12 6120

Months before index total knee replacement

Gabapentinoids and antidepressants predominant (n=5910)Opioids predominant (n=25 983)

0

20

40

60

80

100

Pr
op

or
tio

n 
(%

)

108 96 2448 6120 3672 1284 60

Months before index total knee replacement

Figure 2: State distribution plot of care pattern typologies
The x-axis shows months before the index total knee replacement, and the y-axis shows the proportion of patients in each care state. Different colours indicate different 
care strategies. NSAIDs=non-steroidal anti-inflammatory drugs. For computational feasibility, we combined all types of surgery (meniscus surgery, ligament surgery, 
osteotomy, and synovial surgery) into the category of knee surgery (appendix p 16).

Articles

6 www.thelancet.com/primary-care Vol 2 January 2026

http://www.thelancet.com/primary-care


Low health-care 
use (n=48 922)

Moderate health-care 
use (n=30 947)

Opioids predominant 
(n=25 983)

Gabapentinoids and 
antidepressants 
predominant (n=5910)

NSAIDs predominant 
(n=17 708)

p value*

N (%) Residual N (%) Residual N (%) Residual N (%) Residual N (%) Residual

Sex
Male 25 333 (51⋅8%) 47⋅1 12 690 (41⋅0%) –10⋅0 8812 (33⋅9%) –34⋅7 1307 (22⋅1%) –33⋅9 8116 (45⋅8%) 6⋅9 <0⋅0001
Female 23 589 (48⋅2%) –47⋅1 18 257 (59⋅0%) 10⋅0 17 171 (66⋅1%) 34⋅7 4603 (77⋅9%) 33⋅9 9592 (54⋅2%) –6⋅9 ⋅⋅
Age group
45–54 years 3970 (8⋅1%) 16⋅8 2412 (7⋅8%) 9⋅5 1212 (4⋅7%) –14⋅2 367 (6⋅2%) 1⋅3 619 (3⋅5%) –18⋅0 <0⋅0001
55–64 years 12 561 (25⋅7%) 20⋅1 7543 (24⋅4%) 8⋅2 4657 (17⋅9%) –20⋅4 1358 (23⋅0%) 0⋅6 3230 (18⋅2%) –15⋅2 ⋅⋅
65–74 years 18 242 (37⋅3%) –3⋅3 11 137 (36⋅0%) 7⋅8 10 052 (38⋅7%) 3⋅1 2297 (38⋅9%) 1⋅6 7296 (41⋅2%) 9⋅9 ⋅⋅
75–84 years 12 280 (25⋅1%) –18⋅7 8347 (27⋅0%) 5⋅0 8514 (32⋅8%) 18⋅8 1610 (27⋅2%) 1⋅5 5622 (31⋅8%) 11⋅7 ⋅⋅
≥85 years 1869 (3⋅8%) –12⋅2 1508 (4⋅9%) 1⋅2 1548 (6⋅0%) 10⋅3 278 (4⋅7%) 0⋅2 941 (5⋅3%) 3⋅8 ⋅⋅
BMI group ⋅⋅
Underweight (<18⋅5 kg/m 2 ) 444 (1⋅0%) –4⋅6 300 (1⋅0%) –2⋅1 353 (1⋅5%) 5⋅5 76 (1⋅4%) 1⋅8 211 (1⋅3%) 1⋅7 <0⋅0001
Normal (18⋅5–24⋅9 kg/m 2 ) 9865 (21⋅4%) 8⋅8 5431 (18⋅6%) –7⋅2 4502 (18⋅9%) –5⋅2 988 (18⋅1%) –3⋅7 3558 (21⋅5%) 4⋅8 ⋅⋅
Overweight (25⋅0–29⋅9 kg/m 2 ) 17 760 (38⋅5%) 16⋅1 9984 (34⋅2%) –5⋅8 7671 (32⋅2%) –12⋅5 1726 (31⋅6%) –6⋅3 6059 (36⋅5%) 2⋅6 ⋅⋅
Obese (≥30⋅0 kg/m 2 ) 18 109 (39⋅2%) –21⋅7 13 459 (46⋅1%) 11⋅8 11 323 (47⋅5%) 15⋅1 2670 (48⋅9%) 8⋅8 6759 (40⋅8%) 6⋅7 ⋅⋅
Comorbidities
0 25 147 (51⋅4%) 54⋅9 12 398 (40⋅1%) –6⋅9 7673 (29⋅5%) –44⋅7 1721 (29⋅1%) –20⋅2 7116 (40⋅2%) –4⋅6 <0⋅0001
1 14 655 (30⋅0%) –12⋅6 10 130 (32⋅7%) 3⋅0 8875 (34⋅2%) 8⋅2 1913 (32⋅4%) 0⋅5 5917 (33⋅4%) 4⋅2 ⋅⋅
2 6133 (12⋅5%) –27⋅9 5173 (16⋅7%) 2⋅8 5379 (20⋅7%) 22⋅0 1245 (21⋅1%) 10⋅4 3053 (17⋅2%) 4⋅0 ⋅⋅
≥3 2987 (6⋅1%) –36⋅4 3246 (10⋅5%) 3⋅3 4056 (15⋅6%) 33⋅8 1031 (17⋅5%) 19⋅5 1622 (9⋅2%) –4⋅0 ⋅⋅
Smoking status
Never smoker 25 856 (55⋅1%) 7⋅2 16 101 (52⋅9%) –3⋅8 13 160 (51⋅2%) –9⋅4 3045 (52⋅2%) –2⋅5 9819 (56⋅3%) 7⋅8 <0⋅0001
Ex-smoker 14 354 (30⋅6%) –4⋅6 9766 (32⋅1%) 3⋅0 8265 (32⋅2%) 3⋅0 1852 (31⋅8%) 0⋅7 5407 (31⋅0%) –1⋅1 ⋅⋅
Current smoker 6712 (14⋅3%) –4⋅0 4599 (15⋅1%) 1⋅5 4277 (16⋅6%) 9⋅2 935 (16⋅0%) 2⋅7 2209 (12⋅7%) –8⋅6 ⋅⋅
Drinking status
Never drinker 2696 (33⋅2%) –16⋅7 2534 (40⋅4%) –0⋅4 2898 (48⋅9%) 14⋅8 752 (50⋅3%) 7⋅9 1352 (40⋅3%) –0⋅4 <0⋅0001
Ever drinker 5436 (66⋅9%) 16⋅8 3739 (59⋅6%) 0⋅4 3033 (51⋅1%) –14⋅8 743 (49⋅7%) –7⋅9 2004 (59⋅7%) 0⋅4 ⋅⋅
Ethnicity
White 46 225 (94⋅5%) 14⋅4 28 741 (92⋅9%) –2⋅6 23 962 (92⋅2%) –7⋅0 5507 (93⋅2%) –0⋅1 16 224 (91⋅6%) –9⋅0 <0⋅0001
Black 317 (0⋅7%) –12⋅8 442 (1⋅4%) 5⋅7 428 (1⋅7%) 8⋅9 71 (1⋅2%) 0⋅5 203 (1⋅2%) 0⋅2 ⋅⋅
South Asian 696 (1⋅4%) –24⋅8 1014 (3⋅3%) 4⋅8 1023 (3⋅9%) 11⋅5 217 (3⋅7%) 3⋅8 773 (4⋅4%) 12⋅8 ⋅⋅
Other or unknown 1684 (3⋅4%) 10⋅9 750 (2⋅4%) −4⋅6 570 (2⋅2%) –6⋅6 115 (2⋅0%) –4⋅1 508 (2⋅9%) 0⋅6 ⋅⋅
Geographical region
North East 2007 (4⋅1%) –9⋅3 1388 (4⋅5%) –3⋅1 1706 (6⋅6%) 14⋅8 389 (6⋅6%) 6⋅5 736 (4⋅2%) –4⋅4 <0⋅0001
North West 9125 (18⋅7%) –12⋅0 6325 (20⋅4%) 0⋅3 6099 (23⋅5%) 13⋅9 1209 (20⋅5%) 0⋅2 3616 (20⋅4%) 0⋅2 ⋅⋅
Yorkshire & The Humber 1980 (4⋅1%) –4⋅7 1329 (4⋅3%) –0⋅9 1150 (4⋅4%) 0⋅3 334 (5⋅7%) 4⋅9 889 (5⋅0%) 4⋅4 ⋅⋅
East Midlands 1221 (2⋅5%) 0⋅9 694 (2⋅2%) –2⋅6 655 (2⋅5%) 0⋅9 160 (2⋅7%) 1⋅3 434 (2⋅5%) 0⋅1 ⋅⋅
West Midlands 9111 (18⋅6%) –1⋅9 5895 (19⋅1%) 0⋅8 5243 (20⋅2%) 5⋅9 982 (16⋅6%) –4⋅6 3226 (18⋅2%) –2⋅5 ⋅⋅
East of England 2405 (4⋅9%) 4⋅7 1375 (4⋅4%) –1⋅2 1014 (3⋅9%) –5⋅7 252 (4⋅3%) –1⋅1 864 (4⋅9%) 2⋅2 ⋅⋅
London 4987 (10⋅2%) –1⋅8 3365 (10⋅9%) 3⋅2 2656 (10⋅2%) –1⋅0 525 (8⋅9%) –3⋅9 1919 (10⋅8%) 2⋅1 ⋅⋅
South East 11 156 (22⋅8%) 17⋅4 6219 (20⋅1%) –1⋅1 4242 (16⋅3%) –17⋅9 1212 (20⋅5%) 0⋅4 3471 (19⋅6%) –2⋅5 ⋅⋅
South West 6930 (14⋅2%) 2⋅7 4357 (14⋅1%) 1⋅5 3218 (12⋅4%) –7⋅5 847 (14⋅3%) 1⋅2 2553 (14⋅4%) 2⋅4 ⋅⋅
Index of Multiple Deprivation
1 (least deprived) 7336 (15⋅1%) 24⋅7 3519 (11⋅4%) 5⋅3 2081 (8⋅0%) –23⋅2 558 (9⋅5%) –6⋅7 2286 (12⋅9%) 3⋅0 <0⋅0001
2 6302 (13⋅0%) 13⋅9 3483 (11⋅3%) 1⋅0 2234 (8⋅6%) –16⋅0 583 (9⋅9%) –3⋅8 2119 (12⋅0%) 2⋅5 ⋅⋅
3 6275 (13⋅0%) 11⋅0 3501 (11⋅3%) 2⋅2 2558 (9⋅9%) –10⋅3 612 (10⋅4%) –3⋅2 2112 (12⋅0%) 1⋅2 ⋅⋅
4 6236 (12⋅9%) 7⋅8 3750 (12⋅1%) 1⋅1 2641 (10⋅2%) –9⋅9 644 (10⋅9%) –2⋅5 2144 (12⋅1%) 0⋅7 ⋅⋅
5 5002 (10⋅3%) 2⋅1 3122 (10⋅4%) 0⋅1 2423 (9⋅3%) –4⋅6 577 (9⋅8%) –0⋅8 1888 (10⋅7%) 2⋅8 ⋅⋅
6 4802 (9⋅9%) –3⋅1 3221 (10⋅4%) 1⋅2 2697 (10⋅4%) 0⋅9 634 (10⋅7%) 1⋅3 1851 (10⋅5%) 1⋅0 ⋅⋅
7 4249 (8⋅8%) –8⋅1 3102 (10⋅0%) 2⋅8 2840 (10⋅9%) 8⋅0 583 (9⋅9%) 0⋅7 1641 (9⋅3%) 1⋅7 ⋅⋅
8 3368 (7⋅0%) –12⋅9 2635 (8⋅5%) 2⋅2 2710 (10⋅4%) 14⋅5 498 (8⋅4%) 0⋅6 1395 (7⋅9%) 1⋅7 ⋅⋅
9 2803 (5⋅8%) –20⋅2 2449 (7⋅9%) 1⋅5 2915 (11⋅2%) 23⋅7 572 (9⋅7%) 5⋅8 1219 (6⋅9%) 4⋅5 ⋅⋅
10 (most deprived) 2080 (4⋅3%) –27⋅6 2134 (6⋅9%) 1⋅0 2859 (11⋅0%) 30⋅4 642 (10⋅8%) 12⋅8 1026 (5⋅8%) 5⋅6 ⋅⋅

(Table 2 continues on next page)
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significantly associated with the odds of membership in all 
other clusters relative to the low health-care use cluster. 
Multinominal regression results for smoking status, index 
of multiple deprivation, geographical region, and year of 
surgery differed by cluster and are shown in table 3. 
Subgroup analysis by sex showed that female participants 

had care patterns consistent with those observed in the 
overall cohort, while the clustering among male partic-
ipants resulted in five distinct clusters with two different 
care patterns (appendix pp 44–45). Notably, the gabapenti-
noids and antidepressants predominant pattern observed 
among female participants was not evident in the male 
participants, indicating potential sex differences in 
pharmacological management before total knee 
replacement.
Subgroup analyses by age group showed clusters 

broadly consistent with those of the primary analysis 
(appendix pp 46–47). Similarly, stratification by the cal-
endar periods yielded consistent clustering results 
(appendix pp 48–50); however, there was a notable 
increase in the use of gabapentinoids over time. 
Sensitivity analyses using alternative dissimilarity meas-

ures (longest common subsequences, hamming distance, 
and dynamic hamming distance) showed clustering pat-
terns consistent with those observed in the primary analysis 
(appendix pp 51–53). Although the overall structure of the 
clusters remained stable, slight variations were noted in the 
distribution of individuals across clusters. In addition, 
sensitivity analysis using a 12-month time interval pro-
duced similar results, further supporting the robustness 
and stability of the identified care patterns over time

(appendix p 54). Finally, the sensitivity analysis restricted to 
the pre-COVID-19 period (2007–19) showed care patterns 
that were consistent with those observed in the primary 
analysis (appendix p 55).

Discussion
In this study, we analysed health-care pathways among 
129 470 patients who underwent primary total knee 
replacement predominantly for osteoarthritis between 
2007 and 2021 in England, UK, focusing on routinely col-
lected care strategies aligned with NICE guidelines. Using 
sequence analysis, we identified five distinct typologies of 
care pathways over the 10 years preceding total knee 
replacement: low health-care use, moderate health-care 
use, opioids predominant, gabapentinoids and anti-
depressants predominant, and NSAIDs predominant. 
These findings highlight substantial variation in care 
pathways, with cluster membership significantly associated 
with female sex, age above 75 years, BMI ≥25⋅0 kg/m 2 , mul-
tiple comorbidities, non-White ethnicity, and neighbourhood 
deprivation.
To our knowledge, this is the first study to investigate 

long-term care pathways preceding total knee replacement 
using sequence analysis on large-scale routinely collected 
EHRs. A previous Danish study identified 1143 unique 
treatment pathways among 2574 patients, but its focus was 
limited to the uptake of guideline-adherent non-surgical 
treatments before and 6 months after orthopaedic con-
sultation. 14 A previous US study assessed health-care util-
isation over the 2 years preceding total knee replacement, 
focusing on the frequency of pharmacological treatments,

Low health-care 
use (n=48 922)

Moderate health-care 
use (n=30 947)

Opioids predominant 
(n=25 983)

Gabapentinoids and 
antidepressants 
predominant (n=5910)

NSAIDs predominant 
(n=17 708)

p value*

N (%) Residual N (%) Residual N (%) Residual N (%) Residual N (%) Residual

(Continued from previous page) 

Index year
2007 2903 (5⋅9%) –6⋅8 1911 (6⋅2%) 2⋅9 2002 (7⋅7%) 8⋅6 226 (3⋅8%) –8⋅6 1413 (8⋅0%) 8⋅4 <0⋅0001
2008 3210 (6⋅6%) –4⋅3 1970 (6⋅4%) 4⋅7 2011 (7⋅7%) 5⋅6 282 (4⋅8%) –6⋅8 1530 (8⋅6%) 9⋅5 ⋅⋅
2009 3088 (6⋅3%) –4⋅4 1951 (6⋅3%) 3⋅2 1946 (7⋅5%) 5⋅6 261 (4⋅4%) –7⋅2 1437 (8⋅1%) 8⋅1 ⋅⋅
2010 3235 (6⋅6%) –4⋅0 2054 (6⋅6%) 2⋅7 1989 (7⋅7%) 4⋅8 316 (5⋅4%) –5⋅0 1443 (8⋅2%) 6⋅6 ⋅⋅
2011 3173 (6⋅5%) –5⋅2 2199 (7⋅1%) 1⋅2 1950 (7⋅5%) 3⋅9 367 (6⋅2%) –2⋅3 1323 (7⋅5%) 2⋅9 ⋅⋅
2012 3234 (6⋅6%) –3⋅9 2259 (7⋅3%) 2⋅6 1900 (7⋅3%) 2⋅5 336 (5⋅7%) –4⋅0 1290 (7⋅3%) 1⋅8 ⋅⋅
2013 3197 (6⋅5%) –5⋅8 2209 (7⋅1%) 0⋅6 1993 (7⋅7%) 4⋅2 430 (7⋅3%) 0⋅6 1322 (7⋅5%) 2⋅2 ⋅⋅
2014 3792 (7⋅8%) –0⋅7 2497 (8⋅1%) 1⋅9 2005 (7⋅7%) 0⋅7 465 (7⋅9%) 0⋅2 1360 (7⋅7%) 0⋅7 ⋅⋅
2015 3933 (8⋅0%) 1⋅0 2559 (8⋅3%) 2⋅4 1944 (7⋅5%) 3⋅1 497 (8⋅4%) 1⋅4 1349 (7⋅6%) 1⋅7 ⋅⋅
2016 4226 (8⋅6%) 5⋅0 2511 (8⋅1%) 0⋅3 1994 (7⋅7%) 3⋅1 554 (9⋅4%) 3⋅5 1268 (7⋅2%) 5⋅2 ⋅⋅
2017 4178 (8⋅5%) 5⋅0 2576 (8⋅3%) 2⋅0 1925 (7⋅4%) 4⋅3 572 (9⋅7%) 4⋅7 1183 (6⋅7%) 7⋅3 ⋅⋅
2018 3927 (8⋅0%) 5⋅4 2398 (7⋅8%) 1⋅8 1722 (6⋅6%) 6⋅1 583 (9⋅9%) 7⋅0 1106 (6⋅3%) 6⋅9 ⋅⋅
2019 4230 (8⋅7%) 7⋅6 2518 (8⋅1%) 1⋅7 1702 (6⋅6%) 9⋅1 678 (11⋅5%) 10⋅4 1116 (6⋅3%) 8⋅5 ⋅⋅
2020 2225 (4⋅6%) 10⋅7 1156 (3⋅7%) 0⋅9 784 (3⋅0%) 7⋅5 283 (4⋅8%) 4⋅0 495 (2⋅8%) 7⋅6 ⋅⋅
2021 371 (0⋅8%) 5⋅1 179 (0⋅6%) 1⋅00 116 (0⋅5%) 3⋅9 60 (1⋅0%) 4⋅0 73 (0⋅4%) 3⋅8 ⋅⋅

Data are n (%) and adjusted residuals. An absolute residual of ≥2 indicates the observed count differs significantly from the expected count under the null hypothesis (p<0⋅05). Positive residuals denote over-
representation, negative residuals under-representation. NSAIDs=non-steroidal anti-inflammatory drugs. *p value for χ 2 test for association between patients’ characteristics and identified care pathways.

Table 2: Distribution of care pattern typology across patients’ characteristics with χ 2 test and post-hoc residuals (N=129 470)
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Moderate 
health-care use

Opioids
predominant

Gabapentinoids and 
antidepressants 
predominant

NSAIDs predominant

Sex
Male 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref)
Female 1⋅60 (1⋅55–1⋅65) 2⋅24 (2⋅16–2⋅31) 4⋅18 (3⋅91–4⋅47) 1⋅26 (1⋅22–1⋅31)
Age group
45–54 years 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref)
55–64 years 0⋅99 (0⋅93–1⋅05) 1⋅23 (1⋅14–1⋅33) 1⋅18 (1⋅04–1⋅33) 1⋅63 (1⋅48–1⋅79)
65–74 years 1⋅02 (0⋅96–1⋅08) 1⋅91 (1⋅78–2⋅06) 1⋅33 (1⋅18–1⋅50) 2⋅58 (2⋅36–2⋅83)
75–84 years 1⋅13 (1⋅06–1⋅20) 2⋅37 (2⋅20–2⋅55) 1⋅29 (1⋅14–1⋅47) 2⋅92 (2⋅66–3⋅20)
≥85 years 1⋅37 (1⋅26–1⋅50) 2⋅92 (2⋅64–3⋅23) 1⋅41 (1⋅18–1⋅68) 3⋅29 (2⋅92–3⋅71)
BMI group
Underweight (<18⋅5 kg/m 2 ) 1⋅00 (0⋅87–1⋅16) 1⋅19 (1⋅03–1⋅37) 1⋅28 (1⋅00–1⋅65) 1⋅05 (0⋅89–1⋅24)
Normal (18⋅5–24⋅9 kg/m 2 ) 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref)
Overweight (25⋅0–29⋅9 kg/m 2 ) 1⋅11 (1⋅06–1⋅16) 1⋅11 (1⋅06–1⋅16) 1⋅09 (1⋅00–1⋅18) 1⋅06 (1⋅01–1⋅11)
Obese (≥30⋅0 kg/m 2 ) 1⋅41 (1⋅35–1⋅47) 1⋅60 (1⋅53–1⋅68) 1⋅42 (1⋅31–1⋅53) 1⋅27 (1⋅21–1⋅33)
Comorbidities
0 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref)
1 1⋅37 (1⋅33–1⋅42) 1⋅85 (1⋅78–1⋅92) 1⋅81 (1⋅69–1⋅94) 1⋅34 (1⋅29–1⋅40)
2 1⋅66 (1⋅59–1⋅73) 2⋅58 (2⋅46–2⋅70) 2⋅83 (2⋅62–3⋅07) 1⋅58 (1⋅50–1⋅66)
≥3 2⋅14 (2⋅02–2⋅26) 3⋅89 (3⋅67–4⋅12) 5⋅03 (4⋅60–5⋅50) 1⋅68 (1⋅57–1⋅80)
Smoking status
Never smoker 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref)
Ex-smoker 1⋅18 (1⋅14–1⋅22) 1⋅26 (1⋅22–1⋅31) 1⋅29 (1⋅21–1⋅38) 1⋅05 (1⋅01–1⋅09)
Current smoker 1⋅14 (1⋅09–1⋅19) 1⋅34 (1⋅27–1⋅40) 1⋅28 (1⋅18–1⋅39) 0⋅95 (0⋅90–1⋅01)
Ethnicity
White 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref)
Black 1⋅87 (1⋅61–2⋅17) 1⋅95 (1⋅67–2⋅29) 1⋅36 (1⋅04–1⋅78) 1⋅83 (1⋅53–2⋅20)
South Asian 2⋅31 (2⋅08–2⋅56) 2⋅84 (2⋅56–3⋅15) 2⋅39 (2⋅02–2⋅81) 3⋅43 (3⋅08–3⋅83)
Other or unknown 0⋅75 (0⋅68–0⋅82) 0⋅74 (0⋅67–0⋅82) 0⋅57 (0⋅47–0⋅69) 0⋅98 (0⋅88–1⋅08)
Geographical region
North East 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref)
North West 1⋅03 (0⋅95–1⋅11) 0⋅82 (0⋅76–0⋅89) 0⋅69 (0⋅60–0⋅78) 1⋅06 (0⋅97–1⋅17)
Yorkshire & The Humber 1⋅04 (0⋅95–1⋅15) 0⋅80 (0⋅72–0⋅89) 0⋅98 (0⋅83–1⋅16) 1⋅23 (1⋅09–1⋅38)
East Midlands 0⋅87 (0⋅77–0⋅98) 0⋅74 (0⋅66–0⋅84) 0⋅76 (0⋅62–0⋅93) 0⋅96 (0⋅83–1⋅10)
West Midlands 0⋅96 (0⋅89–1⋅04) 0⋅73 (0⋅67–0⋅79) 0⋅59 (0⋅51–0⋅67) 0⋅92 (0⋅83–1⋅01)
East of England 0⋅92 (0⋅84–1⋅02) 0⋅64 (0⋅58–0⋅71) 0⋅67 (0⋅56–0⋅79) 0⋅97 (0⋅86–1⋅09)
London 0⋅87 (0⋅80–0⋅94) 0⋅53 (0⋅49–0⋅58) 0⋅47 (0⋅40–0⋅54) 0⋅83 (0⋅75–0⋅92)
South East 0⋅90 (0⋅84–0⋅98) 0⋅58 (0⋅54–0⋅63) 0⋅70 (0⋅61–0⋅79) 0⋅85 (0⋅77–0⋅94)
South West 0⋅95 (0⋅87–1⋅02) 0⋅60 (0⋅55–0⋅65) 0⋅68 (0⋅59–0⋅78) 0⋅98 (0⋅88–1⋅07)
Index of Multiple Deprivation
1 (least deprived) 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref)
2 1⋅13 (1⋅06–1⋅20) 1⋅19 (1⋅11–1⋅27) 1⋅21 (1⋅07–1⋅37) 1⋅06 (0⋅99–1⋅14)
3 1⋅14 (1⋅07–1⋅21) 1⋅37 (1⋅28–1⋅47) 1.30 (1⋅15–1⋅47) 1⋅07 (1⋅00–1⋅14)
4 1⋅22 (1⋅15–1⋅29) 1⋅42 (1⋅33–1⋅53) 1⋅36 (1⋅21–1⋅54) 1⋅09 (1⋅01–1⋅16)
5 1⋅25 (1⋅17–1⋅33) 1⋅61 (1⋅50–1⋅73) 1⋅51 (1⋅33–1⋅71) 1⋅18 (1⋅10–1⋅27)
6 1⋅32 (1⋅24–1⋅41) 1⋅83 (1⋅71–1⋅97) 1⋅72 (1⋅52–1⋅94) 1⋅20 (1⋅11–1⋅29)
7 1⋅43 (1⋅34–1⋅52) 2⋅16 (2⋅01–2⋅32) 1⋅76 (1⋅55–1⋅99) 1⋅20 (1⋅11–1⋅29)
8 1⋅50 (1⋅40–1⋅60) 2⋅51 (2⋅34–2⋅71) 1⋅87 (1⋅64–2⋅14) 1⋅28 (1⋅18–1⋅39)
9 1⋅64 (1⋅53–1⋅76) 3⋅16 (2⋅93–3⋅41) 2⋅50 (2⋅20–2⋅85) 1⋅35 (1⋅24–1⋅47)
10 (most deprived) 1⋅87 (1⋅73–2⋅02) 3⋅86 (3⋅57–4⋅18) 3⋅50 (3⋅07–3⋅99) 1⋅48 (1⋅35–1⋅63)
Index year
2007 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref) 1⋅00 (ref)
2008 0⋅92 (0⋅85–1⋅00) 0⋅89 (0⋅82–0⋅96) 1⋅10 (0⋅91–1⋅32) 0⋅97 (0⋅89–1⋅06)

(Table 3 continues on next page)
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but did not differentiate between patient-level trajectories 
or capture broader patterns of care. 8 A previous Dutch study 
examined management strategies during the 3 years fol-
lowing osteoarthritis diagnosis, describing the most fre-
quently recorded care modalities but not longitudinal care 
patterns. 12 Similarly, a Swedish study compared treatment 
strategies over a 10-year period between patients with and 
without total knee replacement, but it did not explore 
detailed care sequences or pathways over time. 13 In con-
trast, our study applies a data-driven clustering approach to 
longitudinal EHR data, offering novel insights into real-
world health-care utilisation in the 10 years preceding 
total knee replacement by capturing key care strategies. 
Our findings indicate that 37⋅8% (48 922 of 129 470) of 

patients were classified in the low health-care use cluster 
and progressed to total knee replacement with relatively few 
previous interventions, potentially missing key compo-
nents of guideline-recommended care, such as physio-
therapy or stepwise analgesic management. In contrast, 
23⋅9% (30 947 of 129 470) of patients were classified in the 
moderate health-care use cluster and followed a more 
prolonged care pathway, engaging with several non-
surgical interventions before undergoing surgery. The 
remaining patient groups were primarily managed with 
pharmacological treatments, including NSAIDs, opioids, 
gabapentinoids, and antidepressants, many of which were 
initiated early and continued over long periods. These patterns 
suggest that a substantial proportion of patients might be 
receiving care that diverges from current clinical guidelines. 
Furthermore, in multinomial logistic regression analysis 

we found that female patients were more likely to receive 
analgesics than male patients, indicating potential sex dif-
ferences in pain management and prescribing patterns. 
These findings align with earlier evidence showing that 
older patients, especially women, often present with greater

mobility restriction and more advanced osteoarthritis 
before knee replacement. 26 Older individuals also had 
higher odds of belonging to groups with long-term use of 
NSAIDs and opioids than did younger individuals, possibly 
reflecting a high burden of comorbidities and more fre-
quent interactions with health-care services. Patients from 
South Asian and Black backgrounds were more likely to be 
in analgesic-predominant clusters compared with patients 
of White ethnicity, suggesting disparities in care and 
greater reliance on pharmacological rather than guideline-
recommended treatments. 27 Regional variation was evi-
dent, with patients in Yorkshire & the Humber more likely 
to be in the NSAIDs predominant group than patients in 
the North East region. Compared with the North East 
region, all other regions had lower odds of belonging to the 
clusters characterised by extensive use of opioids, gaba-
pentinoids, and antidepressants, reflecting variation in 
prescribing behaviours, health-care access, and local clinical 
practices. 28

Patients from the most deprived areas were more likely to 
be in the opioids predominant and gabapentinoids and 
antidepressants predominant clusters than patients in least 
deprived areas, consistent with previous evidence describ-
ing socioeconomic differences in health-care utilisation. 18 

NHS care is free at the point of delivery, but means-tested 
prescription charges might partly explain socioeconomic 
differences in medication use. NSAIDs and opioids use 
declined over time, reflecting evolving guidelines that 
shifted from paracetamol and NSAIDs as first-line treat-
ments towards greater emphasis on non-pharmacological 
management and concerns about long-term opioid 
safety. Conversely, use of gabapentinoids and anti-
depressants increased from 2010 onwards, suggesting ris-
ing reliance on these medications for chronic pain 
management. 29,30

Moderate 
health-care use

Opioids
predominant

Gabapentinoids and 
antidepressants 
predominant

NSAIDs predominant

(Continued from previous page)

2009 0⋅94 (0⋅87–1⋅03) 0⋅88 (0⋅81–0⋅96) 1⋅05 (0⋅87–1⋅26) 0⋅93 (0⋅85–1⋅02)
2010 0⋅94 (0⋅87–1⋅02) 0⋅86 (0⋅79–0⋅93) 1⋅20 (1⋅00–1⋅44) 0⋅89 (0⋅81–0⋅97)
2011 1⋅02 (0⋅94–1⋅10) 0⋅84 (0⋅77–0⋅91) 1⋅40 (1⋅17–1⋅66) 0⋅82 (0⋅75–0⋅90)
2012 1⋅01 (0⋅93–1⋅10) 0⋅78 (0⋅72–0⋅85) 1⋅22 (1⋅02–1⋅45) 0⋅77 (0⋅71–0⋅85)
2013 0⋅99 (0⋅91–1⋅07) 0⋅82 (0⋅75–0⋅89) 1⋅56 (1⋅31–1⋅85) 0⋅80 (0⋅73–0⋅88)
2014 0⋅93 (0⋅86–1⋅01) 0⋅68 (0⋅63–0⋅74) 1⋅39 (1⋅17–1⋅64) 0⋅68 (0⋅62–0⋅74)
2015 0⋅92 (0⋅85–1⋅00) 0⋅63 (0⋅58–0⋅68) 1⋅44 (1⋅22–1⋅70) 0⋅65 (0⋅59–0⋅71)
2016 0⋅84 (0⋅78–0⋅91) 0⋅60 (0⋅55–0⋅65) 1⋅50 (1⋅27–1⋅76) 0⋅56 (0⋅52–0⋅62)

2017 0⋅87 (0⋅80–0⋅94) 0⋅58 (0⋅54–0⋅63) 1⋅54 (1⋅31–1⋅82) 0⋅53 (0⋅49–0⋅58)
2018 0⋅87 (0⋅80–0⋅93) 0⋅56 (0⋅51–0⋅61) 1⋅70 (1⋅44–2⋅00) 0⋅53 (0⋅48–0⋅58)
2019 0⋅83 (0⋅77–0⋅90) 0⋅50 (0⋅46–0⋅54) 1⋅81 (1⋅54–2⋅12) 0⋅49 (0⋅45–0⋅54)
2020 0⋅74 (0⋅67–0⋅81) 0⋅45 (0⋅41–0⋅50) 1⋅46 (1⋅21–1⋅76) 0⋅42 (0⋅37–0⋅47)
2021 0⋅73 (0⋅61–0⋅89) 0⋅45 (0⋅36–0⋅56) 2⋅12 (1⋅55–2⋅90) 0⋅38 (0⋅29–0⋅49)

Data are odds ratios (95% CI). NSAIDs=non-steroidal anti-inflammatory drugs.

Table 3: Multinomial logistic regression model for association between patients’ characteristics and membership to different clusters, relative to the low 

health-care use cluster
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Referrals for imaging, physiotherapy, specialist care, 
corticosteroid injections, and knee surgeries were broadly 
similar across all clusters. Following analgesic pre-
scriptions, referrals for imaging and specialist care 
represented the next most common care strategies. 
Physiotherapy is a core recommended treatment for the 
management of osteoarthritis; however, this study found 
evidence of underutilisation, suggesting that many patients 
did not receive physiotherapy referrals in primary care. It is 
important to note that physiotherapy codes in EHRs reflect 
referral occurrence rather than treatment continuity and 
therefore might not capture ongoing or repeated physio-
therapy sessions. Moreover, self-referrals and private 
physiotherapy are not routinely recorded in primary care 
systems, which might contribute to underestimation of 
true physiotherapy engagement.
Our findings highlight substantial inequalities in pre-

total knee replacement care by socioeconomic status, eth-
nicity, sex, and geographical region, with higher odds of 
opioids, gabapentinoids, and antidepressants use in the 
most deprived areas suggesting greater reliance on 
pharmacological rather than guideline-recommended non-
surgical management. These disparities raise concerns 
about the equity and quality of osteoarthritis care delivered 
in primary care. Policy efforts should prioritise improving 
access to core non-surgical treatments, particularly in 
deprived or underserved areas, and national initiatives to 
standardise best practice, reduce prescribing variation, and 
early-stage conservative care. Educational initiatives could 
enhance clinicians’ confidence in delivering evidence-
based non-pharmacological care and in guiding patients 
through appropriate treatment options. Future research in 
primary care settings should evaluate targeted inter-
ventions to improve adherence to guideline-recommended 
non-surgical management, assess their impact on pain, 
function, and time to surgery, and explore how best to 
address inequalities identified in our study.
The strengths of this study include the use of a large, 

population-based cohort with a 10-year retrospective 
follow-up using routinely collected EHRs, providing a 
robust picture of real-world care pathways before total knee 
replacement. Moreover, the application of sequence ana-
lysis offers a novel, data-driven method to identify and 
characterise care trajectories, capturing both the order and 
timing of interventions.
This study also has several limitations. First, the 

requirement for a minimum of 10 years of registration 
before the index total knee replacement might have intro-
duced selection bias. However, the distribution of patients 
with shorter registration histories was similar to that of 
those included (appendix pp 56–57), suggesting that any 
resulting bias is likely to be minimal. Second, treatment use 
was measured as a binary indicator (yes or no) within 
6-month intervals, which does not capture differences in 
frequency, dose, or duration. Recording only one care event 
per interval inevitably results in a loss of detail, masking

multiple treatments and the true order of transitions within 
the same period. Third, we did not examine care from 
diagnosis to total knee replacement, as osteoarthritis diag-
noses are inconsistently coded in EHRs. Instead, we used a 
fixed 10-year pre-surgery period for consistent follow-up. 
Consequently, cluster differences might partly reflect 
variation in osteoarthritis duration before index year. 
Fourth, health-care use not directly attributable to knee 
osteoarthritis might introduce some misclassification. 
However, this approach provides a more comprehensive 
view of patients’ overall health-care engagement and mul-
timorbidity, which are integral to understanding real-world 
patterns of care preceding total knee replacement. Fifth, 
analgesic prescribing might be underestimated because 
some pain medications are available over the counter and 
therefore not recorded in primary care data. However, as 
most patients in this cohort were older than 60 years and 
thus eligible for free prescriptions in the UK, only a small 
proportion of analgesic use would have occurred outside 
general practice prescribing records. Sixth, for BMI, 
smoking status, and drinking status, we used the most 
recent value recorded within the 10 years preceding the 
index year, with mean times of 2⋅6 years (SD 3⋅8), 1⋅4 years 
(1⋅7), and 3⋅6 years (2⋅8), respectively. The lack of timeliness 
in these measurements is a limitation, as these values 
might not accurately reflect patients’ characteristics close to 
surgery. Seventh, CPRD does not capture activity in private 
primary care; therefore, our findings might not fully rep-
resent care pathways for patients treated in the private 
sector. Finally, the very large sample size might have 
increased statistical power and the likelihood of detecting 
significant interactions, including effects of small magni-
tude that might have limited clinical relevance; hence 
caution should be used when interpreting the data.
Our research approach, using nationally representative 

primary and secondary care data and a transferable 
sequence analysis framework, enhances the applicability of 
our findings while acknowledging that variations in coding 
practices and service availability might influence relevance 
across diverse primary care settings.
Future research should investigate how these distinct 

care pathways affect patient outcomes, such as pain and 
function, and assess their cost-effectiveness to guide more 
equitable and efficient primary care management of 
osteoarthritis. Building on these directions, this study 
provides novel evidence by identifying five long-term care 
pathways preceding total knee replacement using sequence 
analysis of routinely collected EHRs.
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