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Abstract 

Background

There is growing evidence that access to joint replacement surgery is being restricted 

based on body mass index (BMI) despite any formal recommendations. Our aim 

was to investigate the association between BMI and patient outcomes after elective 

primary shoulder replacement surgery to inform future commissioning and national 

guidance.

Methods and findings

In this population-based cohort study, patients aged 18–100 years having elective 

primary shoulder replacement surgery were identified using linked national joint 

registry and hospital data from public and private hospitals in the United Kingdom 

(2018−22) and Denmark (2006−21). The main outcome measure was mortality within 

365 days of surgery. Secondary outcome measures included mortality within 90 

days, serious adverse events within 90 days, and revision surgery within 4.5 years 

of surgery. The association between BMI and patient outcomes was assessed using 

flexible parametric survival models and logistic regression models, adjusting for age, 

sex, deprivation, main surgical indication and American Society of Anaesthesiologists 

(ASA) score. 15,320 and 5,446 shoulder replacement procedures from within the 
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United Kingdom and Denmark, respectively, met the inclusion criteria. In the United 

Kingdom, the average age was 72.2 years, 68.3% were female and the average BMI 

was 29.4 kg/m2. In Denmark, the average age was 70.5 years, 65.3% were female 

and the average BMI was 28.0 kg/m2. There was a decreased risk of 365-day mor-

tality in obese (BMI 40 kg/m2) patients (hazard ratio (HR) 0.40 [95%CI 0.21, 0.73]) 

and an increased risk in underweight (BMI < 18.5 kg/m2) patients (HR 1.18 [95%CI 

1.06, 1.32]), compared to patients with BMI 21.75 kg/m2. Underweight patients had 

an increased risk of 90-day mortality (HR 1.69 [95%CI 1.14, 2.52]), 90-day serious 

adverse events (odds ratio 1.36 [95%CI 1.05, 1.77]) and revision surgery (HR 1.70 

[95%CI 1.25, 2.33]). Increasing BMI was not associated with a significantly increased 

risk of any secondary outcome. The main limitation of this study was the high pro-

portion of missing BMI data and the small case numbers for the underweight study 

population (n = 131[UK], 70[Denmark]).

Conclusions

Increasing BMI was associated with lower 365-day mortality, and no poorer outcomes 

after elective primary shoulder replacement surgery. This surgery is safe and effec-

tive in obese patients and access to shoulder replacements should not be restricted 

based on BMI alone. Clinicians and hospitals should be aware that underweight 

patients appear more at risk of mortality, serious adverse events and revision surgery 

after shoulder replacement.

Author summary

Why was this study done?

•	 Some healthcare commissioning groups are restricting access to elective hip 
and knee replacement surgery in patients with high body mass index (BMI) 
despite a lack of evidence

•	 There is no high-quality evidence for the association of BMI with patient out-
comes after shoulder replacement surgery

What did the researchers do and find?

•	  Over 20,000 procedures were analysed using linked hospital and national regis-
try data from the United Kingdom and Denmark to investigate the association of 
BMI with patient outcomes after primary shoulder replacement surgery

•	 Patients with high BMI did not have an increased risk of mortality, serious 
adverse events or revision surgery after elective primary shoulder replacement 
surgery
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•	 High BMI appeared to be associated with reduced mortality within 90 and 365 days of surgery

•	 Underweight patients were found to have an increased risk of mortality, serious adverse events and revision surgery 
after shoulder replacement

What do these findings mean?

•	  Elective primary shoulder replacement surgery is safe and effective in patients with high BMI, and access to surgery 
should not be restricted based on BMI alone

•	 Underweight patients should be counselled regarding their increased risks after surgery, and more research is 
needed to identify the mechanisms behind this

•	 The main limitations of this study were the high proportion of missing BMI data and the small number of cases in the 
underweight study population

Introduction

Hip and knee replacements are established and effective surgical treatment options for end-stage arthritis, but in some 
countries like the United Kingdom, access to these procedures is often restricted based on body mass index (BMI) [1,2]. 
This occurs despite any formal recommendation from the National Institute for Health and Care Excellence. There is now 
growing evidence suggesting that this rationing is unwarranted, and that it represents a source of unjustifiable inequality in 
access to healthcare [3,4].

No recommendations for BMI-based access to surgery currently exist for shoulder replacements, largely due to con-
flicting evidence on patient outcomes [5,6]. In particular, there are heterogeneous results regarding the risk of revision 
in patients with high BMI, some studies reporting no effect while others report an increased risk in obese patients [7,8]. 
One previous small study on shoulder replacements did identify an association of BMI with early post-operative mortality, 
reporting that a BMI over 30 was associated with a lower risk of 90-day mortality [9]. Several studies have focussed on 
short-term revision risk and used BMI categorisation without adequately adjusting for confounding variables, highlighting 
the need for a more nuanced methodological approach.

Shoulder replacements deliver significant increases in quality of life and function in patients with shoulder arthritis 
[10,11]. In the context of growing international demand for shoulder replacements and high elective surgery waiting times, 
there is an important need for robust evidence to optimise patient outcomes while avoiding unnecessary restrictions to 
surgery [12,13].

The aim of this study was to investigate the association between BMI, patient complications and implant survival after 
elective primary shoulder replacement surgery using linked national datasets from two countries.

Methods

Study design and data sources

This was a population-based cohort study using routinely collected data for shoulder replacements undertaken at public 
and private hospitals within the United Kingdom and Denmark. In the United Kingdom, data from the National Joint Reg-
istry (NJR) was used from 1 June 2018 to 30 December 2022. In Denmark, data from the Danish Shoulder Arthroplasty 
Registry (DSR) was used from 1 January 2006 to 31 December 2021.

Data submission to the NJR and DSR is mandatory for all shoulder replacements occurring at public and private hospi-
tals, and includes patient, surgeon, and operation details. Data from the NJR were used to analyse mortality and revision 
outcomes. Data from the DSR were used to analyse revision. The capture of primary shoulder replacements by both the 
NJR and DSR has been estimated to be around 95% with completeness increasing in recent years [14,15].
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Data from the NJR were additionally linked to the NHS Hospital Episode Statistics Admitted Patient Care database to 
analyse serious adverse events (SAE) requiring admission to hospital after shoulder replacement surgery, from 1 June 
2018 to 29 December 2021. The Hospital Episode Statistics Admitted Patient Care database records all inpatient and 
day case activities in public hospitals and publicly funded procedures in private hospitals in England, and includes demo-
graphic data, medical diagnoses, procedural and administrative information. Hospital Episode Statistics data are used to 
ensure accurate reimbursement of NHS providers for their activities.

Data from the DSR were linked to the Danish Anaesthesia Database, the Danish National Patient Registry and the 
Danish Civil Registration System for mortality and SAE analysis [16–18]. The Danish Anaesthesia Database is a national 
database that contained information on BMI and American Society of Anaesthesiologists (ASA) score and records activi-
ties performed by anaesthesiologists in public and private hospitals. The Danish National Patient Registry records medical 
diagnosis, comorbidities and administrative data on inpatient and outpatient activity and is used by healthcare authorities 
to reimburse Danish Hospitals. The Civil Registration System contains information on mortality and migration.

Selection criteria

Data were available for all consenting patients aged 18–100 years having a primary shoulder replacement (including 
humeral hemiarthroplasty, anatomical total shoulder replacement, and reverse total shoulder replacement). Patients were 
included if their surgical history was consistent (e.g., date of death did not precede their surgery) and did not contain dupli-
cates (S1 Appendix). Procedures undertaken for acute trauma or malignancy indications were excluded as they represent 
a distinct cohort with more variable outcomes arising from their unique presentations and associated injuries. The second 
of same-day bilateral primary shoulder replacements were excluded to avoid double-counting of mortality events which 
could lead to bias.

Outcomes

The primary outcome was all-cause mortality at 1 year after surgery. Secondary outcomes included all-cause mortal-
ity within 90 days of surgery, SAEs within 90 days of surgery and revision surgery at 4.5 years (representing implant 
survival).

SAEs were defined as medical complications serious enough to require admission to hospital, including pulmonary 
embolism, myocardial infarction, lower respiratory tract infection, acute kidney injury, urinary tract infection, cerebrovascu-
lar events, and all-cause death [12,19]. SAEs were considered a binary event and identified using ICD-10 (International 
Classification of Diseases, 10th revision) codes (S1 Appendix). The NJR defines revision as a procedure that involves 
adding, removing, or modifying one or more components of a joint prosthesis, and is the most commonly used metric for 
assessing the success of joint replacement surgery [20].

Statistical analysis

The primary exposure of interest was BMI at the time of the primary operation. This was treated as a continuous variable, 
and values under 15 kg/m2 or over 60 kg/m2 were considered coding errors and marked as missing. BMI started being col-
lected by the NJR for shoulder replacements on 1 June 2018 which is the reason for choosing this start date for the NJR 
data. All analyses were reported using a BMI value that was centred around the average of the ‘normal weight’ category 
(21.75 kg/m2) as defined by the World Health Organisation (WHO).

Flexible parametric survival models (using restricted cubic splines to allow for modelling nonlinearity in the baseline 
hazard function) were used for 1-year mortality, revision, and 90-day mortality. Logistic regression was used for the binary 
outcome of 90-day SAEs. Models were incrementally adjusted for several covariates that were selected a priori following 
careful consideration and review of the existing literature. Confounding variables included age (continuous), sex (binary), 
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index of multiple deprivation decile (categorical), main surgical indication (categorical), and ASA score (categorical: I, II, III, 
IV + V).

All continuous variables, including BMI, were investigated with restricted cubic splines to test for non-linearity in their 
association with each outcome. The continuous variable specification with the best fit as specified by the lowest Akaike 
Information Criterion was chosen, and visual inspection was used to investigate for overfitting.

Sensitivity analysis

A sensitivity analysis was undertaken by additionally adjusting for procedure type as a categorical variable (humeral 
hemiarthroplasty; anatomical total shoulder replacement; reverse total shoulder replacement). The association of BMI with 
long-term revision (16.6 years) was also investigated using the Danish dataset that had longer-term follow-up available.

Missing data

In the NJR data, index of multiple deprivation data were missing for 182 procedures (0.8%), so these were excluded, and 
a complete case analysis undertaken. BMI was missing in 6,724 procedures (30.5%), in keeping with completeness rates 
observed for hip and knee replacements in the NJR [20].

Index of multiple deprivation, a United Kingdom-specific measure, was unavailable for the Danish data. ASA was miss-
ing in 41 procedures (0.4%), so these data were excluded, and a complete case analysis undertaken. BMI was missing in 
4,709 procedures (46.4%).

BMI was likely missing completely at random due to administrative errors, and therefore complete case analysis was 
undertaken as this would provide an unbiased estimate of the association of BMI with each outcome [3]. All analyses were 
undertaken using Stata v18.5 (StataCorp) [21].

Patient and public involvement

One of the top 10 research uncertainties from the 2015 James Lind Alliance Priority Setting Partnership on shoulder 
surgery relates to predicting patient outcomes after surgery to support the patient-surgeon decision-making process [22] . 
Patient representatives sit on the committee structure of the NJR.

Planning of analyses

The analysis plan was made prior to any analysis and this was agreed by all co-authors. No data-driven changes to the 
analysis plan took place. This study was reported as per the Reporting of Studies Conducted using Observational  
Routinely-Collected Data (RECORD) guideline (S1 Checklist).

Ethics approval

Patient consent was obtained for data collection by the NJR. According to the specifications of the NHS Health Research Author-
ity, separate informed consent and ethical approval were not required for the present study. In Denmark, the study was reported 
to the Danish Protection Agency (Journal No 1-16-02-387-22) and no ethical approval was required for the Danish data.

Results

Study population

The United Kingdom population comprised 22,044 elective primary shoulder replacement procedures in 20,839 patients, 
of which 15,320 procedures (10,466 females [68.3%], average age 72.2 years) had an available BMI score at the time of 
their surgery (S1 Appendix). The distribution of patient demographics including surgical information were similar between 
patients with and without missing BMI scores (Table 1). The average BMI was 29.4 kg/m2 (SD 5.7) (Table 2).
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The Danish population comprised 10,155 elective primary shoulder replacement procedures in 8,976 patients, of which 
5,446 procedures (3,557 females (65.3%), average age 70.5 years) had an available BMI and ASA score at the time of 
their surgery (Table 1). The average BMI was 28.0 kg/m2 (SD 5.5).

For the analysis of 90-day SAEs that used linked data from the NJR and NHS Hospital Episode Statistics, the study 
population comprised 13,630 elective primary shoulder replacement procedures in 13,034 patients, of which 9,304 

Table 1.  Patient demographics by BMI missingness in the United Kingdom NJR data and Danish data.

United Kingdom Denmark

BMI present BMI missing BMI present BMI missing

N 15,320 (69.5%) 6,714 (30.5%) 5,446 (53.6%) 4,709 (46.4%)

Age/years (SD) 72.2 (9.5) 72.2 (9.9) 70.5 (10.2) 69.4 (10.5)

Sex

  Male 4,854 (31.7%) 2,173 (32.4%) 1,889 (34.7%) 1,831 (38.9%)

  Female 10,466 (68.3%) 4,541 (67.6%) 3,557 (65.3%) 2,878 (61.1%)

ASA category

  1 907 (5.9%) 336 (5.0%) 653 (12.0%) 27 (0.6%)

  2 9,673 (63.1%) 4,129 (61.5%) 3,395 (62.3%) 112 (2.4%)

  3 4,644 (30.3%) 2,193 (32.7%) 1,368 (25.1%) 50 (1.1%)*

  4 and 5 96 (0.6%) 56 (0.8%) 30 (0.6%)

  Missing 0 (0.0%) 0 (0.0%) 0 (0.0%) 4,520 (96.0%)

Primary surgical indication

  AVN 351 (2.3%) 219 (3.3%) 258 (4.7%) 271 (5.8%)

  CTA 4,041 (26.4%) 1,753 (26.1%) 1,472 (27.0%) 1,141 (24.2%)

  Inflammatory 482 (3.1%) 210 (3.1%) 238 (4.4%) 210 (4.5%)

  OA 8,710 (56.9%) 3,567 (53.1%) 2,792 (51.3%) 2,471 (52.5%)

  Other 749 (4.9%) 376 (5.6%) 49 (0.9%) 83 (1.8%)

  Trauma sequelae 987 (6.4%) 589 (8.8%) 637 (11.7%) 533 (11.3%)

IMD decile

  1 (most deprived) 1,345 (8.8%) 698 (10.4%)

  2 924 (6.0%) 415 (6.2%)

  3 1,009 (6.6%) 490 (7.3%)

  4 1,303 (8.5%) 585 (8.7%)

  5 1,549 (10.1%) 615 (9.2%)

  6 1,859 (12.1%) 720 (10.7%)

  7 1,883 (12.3%) 778 (11.6%)

  8 1,771 (11.6%) 760 (11.3%)

  9 1,904 (12.4%) 786 (11.7%)

  10 (least deprived) 1,773 (11.6%) 867 (12.9%)

Procedure type

  HA 830 (5.4%) 462 (6.9%) 1,346 (24.7%) 1,661 (35.3%)

  RTSR 9,817 (64.1%) 4,534 (67.5%) 2,427 (44.6%) 1,495 (31.7%)

  TSR 4,673 (30.5%) 1,718 (25.6%) 1,673 (30.7%) 1,553 (33.0%)

Values reported as frequencies (percentage) unless otherwise indicated. ASA, American Society of Anaesthesiologists. AVN, Avascular necrosis; CTA, 
Cuff tear arthropathy; OA, Osteoarthritis; HA, humeral hemiarthroplasty; RTSR, Reverse total shoulder replacement; TSR, anatomical total shoulder 
replacement; IMD, Index of Multiple Deprivation (United Kingdom-specific variable).

*Small samples less than three were suppressed in line with Statistics Denmark’s requirements, so a combined category of ASA 3/4/5 was reported.

https://doi.org/10.1371/journal.pmed.1004786.t001

https://doi.org/10.1371/journal.pmed.1004786.t001
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procedures (6,400 females [68.8%], average age 72.3 years) had an available BMI score (average BMI was 29.6 kg/m2 
(SD 5.8)) at the time of their surgery (S1 Appendix). For data from the United Kingdom, patients with a higher BMI had 
a higher Charlson Comorbidity Index based on all their preoperative past medical history, while this was not observed in 
data from Denmark (S1 Appendix) [23].

Primary outcome: Mortality within 365 days

For the United Kingdom data, there were 136 deaths within 365 days of primary surgery with a total of 4,891,183 days of 
observation time. In the adjusted analysis (age, sex, index of multiple deprivation decile (for the United Kingdom data), 
primary surgical indication and ASA score), a higher BMI was found to be associated with a reduced hazard ratio (HR) of 
365-day mortality (Fig 1). Compared to the reference BMI of 21.75 kg/m2, patients with a lower BMI had an increased HR 
of 365-day mortality, with patients of BMI 18.5 kg/m2 having a HR of 1.18 (95% CI 1.06, 1.32). Those with a higher BMI 
had a decreased risk, with patients of BMI 40 kg/m2 having a HR of 0.40 (95% CI 0.21, 0.73). For the Danish data, there 
were 101 deaths within 365 days of primary surgery with a total of 1,969,306 days of observation time, and a very similar 
association to that seen with the United Kingdom data was observed (Table 3).

Secondary outcomes: Mortality within 90 days, serious adverse events within 90 days and revision surgery

For the United Kingdom data, there were 33 deaths within 90 days of primary surgery with a total of 1,341,484 days of 
observation time. In the adjusted analysis, a higher BMI was found to be associated with a reduced HR of 90-day mor-
tality up to a BMI of around 40 kg/m2 (Fig 1, Table 3). Thereafter, this association was attenuated back towards null, and 
this was not significantly different compared to the reference BMI as the confidence intervals cross one. Compared to the 
reference BMI of 21.75 kg/m2, patients with a lower BMI had an increased risk of 90-day mortality, with patients of BMI 
18.5 kg/m2 having a HR of 1.69 (95% CI 1.14, 2.52). Those with a higher BMI had a decreased risk, with patients of BMI 
40 kg/m2 having a HR of 0.27 (95% CI 0.09, 0.77). For the Danish data, there were 22 deaths within 90 days of primary 
surgery with a total of 489,146 days of observation time. A similar estimated association to that seen in the United King-
dom data was observed, although this was not significant due to the confidence intervals crossing one.

For the United Kingdom data, there were 437 SAEs (4.70%) within 90 days of primary surgery. In the adjusted analysis, 
a low BMI was associated with an increased risk of 90-day SAEs. This risk decreased with increasing BMI, up to around 
28 kg/m2, while a high BMI did not show a significantly different risk. Compared to the reference BMI of 21.75 kg/m2, 
patients with BMI 18.5 kg/m2 had an odds ratio (OR) of 1.36 (95% CI 1.05, 1.77), while patients with BMI 30 kg/m2 had an 
OR of 0.77 (95% CI 0.61,0.96). For the Danish data, there were 320 SAEs (5.88%) within 90 days of primary surgery, and 
no significant association was observed.

Table 2.  BMI distribution of study population using World Health Organisation (WHO) categories.

BMI category Nutritional status Number (percentage)

United Kingdom Denmark

<18.5 Underweight 131 (0.9%) 70 (1.3%)

18.5–25 Normal weight 2,822 (18.4%) 1,533 (28.1%)

25–30 Pre-obesity 5,618 (36.7%) 2,040 (37.5%)

30–35 Obesity class I 4,081 (26.6%) 1,146 (21.0%)

35–40 Obesity class II 1,857 (12.1%) 509 (9.3%)

>40 Obesity class III 811 (5.3%) 148 (2.7%)

Values reported as frequencies (percentage) unless otherwise indicated. Underweight: <18.5 kg/m2, Normal weight: 18.5–24.9 kg/m2, Pre-obesity: 
25.0–29.9 kg/m2, Obesity class I: 30.0–34.9 kg/m2, Obesity class II: 35.0–39.9 kg/m2, Obesity class III: >40 kg/m2.

https://doi.org/10.1371/journal.pmed.1004786.t002

https://doi.org/10.1371/journal.pmed.1004786.t002
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Fig 1.  Association of BMI with primary and secondary outcomes after adjusting for age, sex, index of multiple deprivation (for the United 
Kingdom data), primary surgical indication and American Association of Anaesthesiologists (ASA) score. Reference (hazard ratio of 1) of BMI 
21.75 kg/m2 (average of ‘normal weight’ World Health Organisation (WHO) category). Shaded areas represent 95% confidence intervals.

https://doi.org/10.1371/journal.pmed.1004786.g001

https://doi.org/10.1371/journal.pmed.1004786.g001
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For the United Kingdom data, there were 261 revisions with a maximum follow-up of 4.58 years and 34,812.69 years of 
observation time. In the adjusted analysis, a higher BMI was found to be associated with a decreased HR of revision up 
to a BMI of around 27 kg/m2, and there was no significantly different risk above 30 kg/m2. Compared to the reference BMI 
of 21.75 kg/m2, patients with BMI 18.5 kg/m2 had a HR of 1.70 (95% CI 1.25, 2.33), while patients with BMI 30 kg/m2 had 
a HR of 0.75 (95% CI 0.57, 0.99). For the Danish data, there were 229 revisions with a maximum follow-up of 4.58 years 
(matching the United Kingdom data) and 23,033.253 years of observation time. A similar association to that seen in the 
United Kingdom data was observed, though the increased risk of revision at low BMI was smaller in magnitude, and the 
decreased risk of revision with a higher BMI continued for high BMI values above 50 kg/m2.

Sensitivity analysis

Incrementally adjusting for a different number of confounding variables had little effect on the observed association of BMI 
with any outcome (S1 Appendix). Additionally adjusting for procedure type had a negligible effect on all associations. For 
the Danish data, a similar association was identified for the association of BMI with long-term (16.6-year) revision risk (S1 
Appendix).

Discussion

This study used national, linked, routinely collected registry and hospital data from both the United Kingdom and Denmark 
to investigate the association of patient BMI with mortality, SAEs and revision surgery after elective primary shoulder 
replacement surgery. Increased BMI was found to be associated with a lower risk of mortality within 365 days of primary 
surgery. Patients with low BMI appeared to be at a higher risk of 90-day mortality, 90-day SAEs and revision surgery in 
the United Kingdom. Patients with high BMI did not have a significantly higher risk of any complication when compared 
to patients at the average of the ‘normal weight’ category. The results from the two countries were notably consistent, 
supporting the robustness of the results; observed differences may be explained by variations in sample size, healthcare 
systems, and the characteristics of patients undergoing surgery.

The main strengths of this study lie in its large sample size and robust methods. Firstly, we investigated the association 
of BMI with multiple patient outcomes, made possible by using linked national registry and hospital data. Secondly, the 
data used reflect all surgery undertaken across different geographic regions, representing all the main types of shoulder 

Table 3.  Association of BMI with primary and secondary outcomes after adjusting for age, sex, index of multiple deprivation (for the United 
Kingdom data), primary surgical indication and American Association of Anaesthesiologists (ASA) score.

Country BMI 365-day mortality 90-day mortality 90-day SAE Revision

HR LCI UCI HR LCI UCI OR LCI UCI HR LCI UCI

United Kingdom 18.5 1.180 1.058 1.317 1.691 1.140 2.519 1.363 1.052 1.769 1.703 1.248 2.332

25 0.848 0.760 0.945 0.629 0.451 0.876 0.810 0.686 0.956 0.720 0.593 0.875

30 0.657 0.498 0.867 0.368 0.187 0.724 0.767 0.612 0.962 0.752 0.573 0.986

35 0.510 0.327 0.795 0.279 0.119 0.657 0.845 0.642 1.112 0.906 0.646 1.271

40 0.395 0.214 0.729 0.266 0.092 0.774 0.946 0.695 1.288 0.906 0.613 1.340

Denmark 18.5 1.246 1.091 1.423 1.306 0.976 1.747 0.992 0.885 1.111 1.094 1.008 1.187

25 0.803 0.704 0.917 0.766 0.573 1.024 1.008 0.900 1.129 0.914 0.843 0.992

30 0.573 0.410 0.802 0.509 0.244 1.062 1.021 0.766 1.362 0.797 0.648 0.980

35 0.408 0.238 0.700 0.337 0.103 1.102 1.035 0.651 1.644 0.694 0.497 0.969

40 0.292 0.139 0.613 0.224 0.044 1.143 1.048 0.555 1.980 0.605 0.383 0.957

Reference (hazard ratio of 1) of BMI 21.75 kg/m2 (average of ‘normal weight’ World Health Organisation (WHO) category). HR, hazard ratio; OR, odds 
ratio; LCI, lower confidence interval; UCI, upper confidence interval; SAE, serious adverse events.

https://doi.org/10.1371/journal.pmed.1004786.t003

https://doi.org/10.1371/journal.pmed.1004786.t003
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replacement procedures and patients of different ages, ethnicity, and socioeconomic groups, providing a complete pic-
ture of shoulder replacement activity across the United Kingdom and Denmark for elective primary shoulder replacement 
performed for a variety of indications. Thirdly, the use of restricted cubic splines to model both age and BMI avoided any 
loss of information from categorisation and allowed for the non-linear relationship of BMI with each outcome to be delin-
eated. Finally, extensive confounding adjustment transparently demonstrated the consistent association of BMI with each 
outcome measure, including when additionally adjusting for procedure type in a sensitivity analysis.

Despite these strengths, the study has certain limitations. Firstly, the proportion of missing data in BMI is considerable 
(30.5% in the United Kingdom and 46.4% in Denmark). However, patient demographics were similar between procedures 
with missing and non-missing BMI data, suggesting it is unlikely for there to be responder bias. Second, it is possible that 
obese patients receiving surgery were healthier and fitter than similar people not having surgery due to a healthy patient 
selection effective in elective surgical pathways which may have resulted in selection bias. However, obese patients did 
have a greater number of medical comorbidities than non-obese patients in the United Kingdom data, and the association 
of obesity with reduced mortality persisted despite adjusting for ASA score. Thirdly, it is possible that patients requiring 
revision surgery may have been deemed unsuitable because of increased comorbidities or a high BMI, and as such, 
display a falsely reduced revision risk. The incompleteness of patient-reported outcome data collected by the NJR for 
shoulder replacement surgery precludes meaningful analysis that could clarify whether more obese patients have different 
patient-reported outcomes. Fourthly, while our results represent similar trends in two different countries, the results may 
not be generalisable to other countries and healthcare systems. Fifthly, the small number of events at the extremes of 
BMI, particularly for the rarest outcomes like 90-day mortality, increases the uncertainty of the observed association, and 
this is reflected in the wide confidence intervals at these extremes. This includes both underweight as well as very high 
BMI patients. Finally, the study used observational data and as such, causality cannot be inferred.

The ‘obesity paradox’ has previously been identified in hip and knee replacements, where obesity appears to be associ-
ated with reduced early mortality after surgery [3,24]. However, the association of high BMI with reduced mortality demon-
strated in our study on shoulder replacements is even greater than that identified for hips and knees. A similar obesity 
paradox has also been observed for surgeries across different specialties, including vascular and cardiac surgery [25,26]. 
Possible explanations for this include increased lean body mass, protective peripheral body fat and a reduced inflamma-
tory response [27]. Chronic diseases and surgery are characterised by increased inflammatory responses, and adipose 
tissue is known to regulate inflammation by secreting TNA-α receptors and adipokines [28,29]. This, together with genetic 
theories, offer potential explanations for the obesity paradox.

Previous studies investigating the association of BMI with patient outcomes have reported heterogeneous results, and 
many have considerable limitations, including revision being considered a binary outcome as opposed to a time-to-event 
outcome (resulting in bias from censoring), failing to account for non-linearity in continuous variables or adjusting for a lim-
ited number of confounding variables [6–9]. One possible explanation for the lack of an increased revision risk in patients 
with high BMI, is that the shoulder is not a weight-bearing joint like lower limb joints and therefore may not be subjected to 
the increased mechanical stress that can result in implant loosening observed with hip and knee replacements. Low BMI, 
with associated osteopenia and subsequent implant loosening could be a possible explanation for the observed increased 
revision risk in underweight patients or there may be factors associated with low BMI that are not captured in the data 
available for analysis. There is evidence that underweight people have a higher baseline risk of mortality; it is uncertain, 
however, whether the increased risk observed in our study reflects an additional excess beyond this baseline [30]. Other 
studies also identified no increased risk of postoperative medical complications with increased BMI [7].

The results of this study are important for patients, surgeons and healthcare policymakers, as they identify that obese 
patients deemed fit enough for surgery do not have poorer outcomes after primary shoulder replacement surgery, as has 
been previously suggested. In fact, obesity in those patients undergoing shoulder replacement surgery appears to be 
associated with a reduced risk of 365-day mortality and is not associated with increased risk of revision surgery by 4.5 
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years. Contrastingly, our data suggests that, at least in the United Kingdom, underweight patients were found to be at an 
increased risk of 90-day and 365-day mortality, as well as 90-day medical complications and revision surgery when com-
pared to patients of ‘normal’ weight.

This is particularly relevant given that some NHS Integrated Care Systems (previously Clinical Commissioning Groups) 
in the United Kingdom have restricted patient access to hip and knee replacement surgery by setting BMI thresholds 
despite poor evidence to support this. Similarly, private healthcare providers conducting NHS joint replacement waiting 
list initiatives in some parts of the UK also restrict access on BMI thresholds. It is important that these policies are not 
transferred to shoulder replacement surgery when the evidence presented here does not support it. On the contrary, clini-
cians and hospitals should be encouraged to ensure that underweight patients are adequately counselled regarding their 
increased risks.

Further research is required to identify the mechanisms behind the observed obesity paradox, including whether BMI 
is associated with different indications for revision surgery, and to confirm that there is no secular selection bias that could 
confound these findings. Analysis of patient-reported outcomes can also elucidate whether patients with poorer outcomes 
are being denied revision surgery on the basis of their BMI. More research is also needed to better understand the reason 
why underweight patients may be experiencing worse outcomes, and to assess whether their risk of mortality is elevated 
beyond the baseline risk inherent to this population.

Supporting information

S1 Appendix.  Supplementary material. ICD-10 codes, Data flowcharts, Incremental model and sensitivity model 
results, Charlson Comorbidity Index by BMI.
(DOCX)

S1 Checklist.  STROBE and RECORD checklist. RECORD, Reporting of studies Conducted using Observational  
Routinely-collected Data; For more information please see: https://www.record-statement.org/. STROBE, Strengthening the 
Reporting of Observational Studies in Epidemiology. For more information please see: https://www.strobe-statement.org/.
(PDF)

Acknowledgments

We thank the patients and staff of the hospitals who contribute data to the National Joint Registry (NJR). We are grateful 
to the Healthcare Quality Improvement Partnership (HQIP), the NJR research committee, and staff at the NJR for facili-
tating this work. The authors have conformed to the NJR’s standard protocol for data access and publication. The views 
expressed represent those of the authors and do not necessarily reflect those of the NJR steering committee, research 
subcommittee, or HQIP who do not vouch for how the information is presented. We thank the staff at hospital departments 
caring for shoulder replacement patients and for their contribution to data in the Danish National Patient Registry (DNPR). 
We are grateful for the national committee’s continuing effort on developing the Danish Shoulder Arthroplasty Registry. 
This study has been delivered through the National Institute for Health and Care Research (NIHR) Oxford Biomedical 
Research Centre (BRC). The views expressed are those of the author(s) and not necessarily those of the NIHR or the 
Department of Health and Social Care.

Author contributions

Conceptualisation: Epaminondas Markos Valsamis, Jonathan L. Rees.

Data curation: Epaminondas Markos Valsamis.

Formal analysis: Epaminondas Markos Valsamis.

http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004786.s001
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004786.s002
https://www.record-statement.org/
https://www.strobe-statement.org/


PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004786  November 20, 2025 12 / 13

Funding acquisition: Jonathan L. Rees.

Investigation: Epaminondas Markos Valsamis, Josefine Beck Larsen.

Methodology: Epaminondas Markos Valsamis.

Project administration: Epaminondas Markos Valsamis.

Resources: Jonathan L. Rees.

Software: Epaminondas Markos Valsamis, Adrian Sayers, Timothy Jones.

Supervision: Adrian Sayers, Timothy Jones, Stephen E. Gwilym, Pia Kjær-Kristensen, Theis M. Thillemann, Inger 
Mechlenburg, Michael R. Whitehouse, Jonathan L. Rees.

Writing – original draft: Epaminondas Markos Valsamis, Josefine Beck Larsen, Stephen E. Gwilym, Pia  
Kjær-Kristensen, Theis M. Thillemann, Inger Mechlenburg, Michael R. Whitehouse, Jonathan L. Rees.

Writing – review & editing: Epaminondas Markos Valsamis.

References
	 1.	 Pillutla V, Maslen H, Savulescu J. Rationing elective surgery for smokers and obese patients: responsibility or prognosis? BMC Med Ethics. 

2018;19:28. https://doi.org/10.1186/s12910-018-0272-7

	 2.	 Bryan D, Parvizi J, Austin M, Backe H, Della Valle C, Kolessar DJ. Obesity and total joint arthroplasty. A literature based review. J Arthroplasty. 
2013;28:714–21. https://doi.org/10.1016/j.arth.2013.02.011

	 3.	 Evans JT, Mouchti S, Blom AW, Wilkinson JM, Whitehouse MR, Beswick A, et al. Obesity and revision surgery, mortality, and patient-reported 
outcomes after primary knee replacement surgery in the National Joint Registry: a UK cohort study. PLoS Med. 2021;18(7):e1003704. https://doi.
org/10.1371/journal.pmed.1003704 PMID: 34270557

	 4.	 Kulkarni R, Guareschi AS, Eichinger JK, Friedman RJ. How using body mass index cutoffs to determine eligibility for total shoulder arthroplasty 
affects health care disparities. J Shoulder Elbow Surg. 2023;32(11):2239–44. https://doi.org/10.1016/j.jse.2023.04.019 PMID: 37247777

	 5.	 Jiang JJ, Somogyi JR, Patel PB, Koh JL, Dirschl DR, Shi LL. Obesity is not associated with increased short-term complications after primary total 
shoulder arthroplasty. Clin Orthop Relat Res. 2016;474(3):787–95. https://doi.org/10.1007/s11999-015-4584-3 PMID: 26452748

	 6.	 Cogan CJ, Flores SE, Freshman RD, Chi HM, Feeley BT. Effect of obesity on short- and long-term complications of shoulder arthroplasty. J Shoul-
der Elbow Surg. 2023;32(2):253–9. https://doi.org/10.1016/j.jse.2022.07.028 PMID: 36115614

	 7.	 Dong Y, Loloi J, Mahmoud S, Charubhumi V, Tabeayo E, Gruson KI. The association of elevated body mass index (BMI) with complications and 
outcomes following anatomic total shoulder arthroplasty: a systematic review. Semin Arthroplasty JSES. 2022;32.

	 8.	 Katayama ES, Durisek GR, Bustamante GC, Barry LW, Wilson S, Barnett JS, et al. The role of body mass index in survivorship and clinical out-
comes in total shoulder arthroplasty. J Shoulder Elbow Surg. 2024;33(9):1980–9. https://doi.org/10.1016/j.jse.2024.01.031 PMID: 38423249

	 9.	 Singh JA, Sperling JW, Cofield RH. Ninety day mortality and its predictors after primary shoulder arthroplasty: an analysis of 4,019 patients from 
1976-2008. BMC Musculoskelet Disord. 2011;12:231. https://doi.org/10.1186/1471-2474-12-231

	10.	 Baumgarten KM, Chang PS, Dannenbring TM, Foley EK. Does total shoulder arthroplasty improve patients’ activity levels? J Shoulder Elbow Surg. 
2018;27(11):1987–95. https://doi.org/10.1016/j.jse.2018.03.028 PMID: 29804913

	11.	 Doyle TR, Downey S, Hurley ET, Klifto C, Mullett H, Denard PJ. Midterm outcomes of primary reverse shoulder arthroplasty: a systematic review of 
studies with minimum 5-year follow-up. JSES Rev Rep Tech. 2024;4:1–7. https://doi.org/10.1016/j.xrrt.2023.09.003

	12.	 Valsamis EM, Pinedo-Villanueva R, Sayers A, Collins GS, Rees JL. Shoulder replacement surgery’s rising demand, inequality of provision, and 
variation in outcomes: cohort study using Hospital Episode Statistics for England. BMC Med. 2023;21(1):406. https://doi.org/10.1186/s12916-023-
03112-1 PMID: 37880689

	13.	 Rupani N, Combescure C, Silman A, Lübbeke A, Rees J. International trends in shoulder replacement: a meta-analysis from 11 public joint regis-
ters. Acta Orthop. 2024;95:348–57.

	14.	 Rasmussen JV, El-Galaly A, Thillemann TM, Jensen SL. High completeness and accurate reporting of key variables make data from the Danish 
shoulder arthroplasty registry a valuable source of information. Clin Epidemiol. 2021;13:141–8. https://doi.org/10.2147/CLEP.S291972 PMID: 
33654435

	15.	 National Joint Registry. Data completeness and quality [Internet]. [cited 2025 Aug 27]. Available from: https://reports.njrcentre.org.uk/
Data-Completeness-and-quality

	16.	 Danish National Patient Register [Internet]. [cited 2024 Jan 9]. Available from: https://sundhedsdatastyrelsen.dk/da/english/
health_data_and_registers/national_health_registers

https://doi.org/10.1186/s12910-018-0272-7
https://doi.org/10.1016/j.arth.2013.02.011
https://doi.org/10.1371/journal.pmed.1003704
https://doi.org/10.1371/journal.pmed.1003704
https://doi.org/10.1016/j.jse.2023.04.019
https://doi.org/10.1007/s11999-015-4584-3
https://doi.org/10.1016/j.jse.2022.07.028
https://doi.org/10.1016/j.jse.2024.01.031
https://doi.org/10.1186/1471-2474-12-231
https://doi.org/10.1016/j.jse.2018.03.028
https://doi.org/10.1016/j.xrrt.2023.09.003
https://doi.org/10.1186/s12916-023-03112-1
https://doi.org/10.1186/s12916-023-03112-1
https://doi.org/10.2147/CLEP.S291972
https://reports.njrcentre.org.uk/Data-Completeness-and-quality
https://reports.njrcentre.org.uk/Data-Completeness-and-quality
https://sundhedsdatastyrelsen.dk/da/english/health_data_and_registers/national_health_registers
https://sundhedsdatastyrelsen.dk/da/english/health_data_and_registers/national_health_registers


PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004786  November 20, 2025 13 / 13

	17.	 Schmidt M, Pedersen L, Søsrensen HT. The Danish civil registration system as a tool in epidemiology. Eur J Epidemiol. 2014;29(8):541–9. https://
doi.org/10.1007/s10654-014-9930-3 PMID: 24965263

	18.	 Regional Clinical Quality Program. Danish Shoulder Arthroplasty Registry [Internet]. [cited 2024 Jan 9]. Available from: https://www.rkkp.dk/
kvalitetsdatabaser/databaser/dansk-skulderalloplastik-register/

	19.	 Craig RS, Lane JCE, Carr AJ, Furniss D, Collins GS, Rees JL. Serious adverse events and lifetime risk of reoperation after elective shoulder 
replacement: population based cohort study using hospital episode statistics for England. BMJ. 2019;364:l298. https://doi.org/10.1136/bmj.l298 
PMID: 30786996

	20.	 Achakri H, Bridgens J, Brittain R, Howard P, Wilkinson M, Wilton T, et al. National Joint Registry 21st Annual Report [Internet]; 2024. Available 
from: www.njrcentre.org.uk

	21.	 StataCorp. Stata statistical software: release 18. College Station. TX: StataCorp LLC; 2023.

	22.	 Rangan A, Upadhaya S, Regan S, Toye F, Rees JL. Research priorities for shoulder surgery: Results of the 2015 James Lind Alliance patient and 
clinician priority setting partnership. BMJ Open. 2016;6(4). https://doi.org/10.1136/bmjopen-2015-010412

	23.	 Quan H, Sundararajan V, Halfon P, Fong A, Burnand B, Luthi J-C, et al. Coding algorithms for defining comorbidities in ICD-9-CM and ICD-10 
administrative data. Med Care. 2005;43(11):1130–9. https://doi.org/10.1097/01.mlr.0000182534.19832.83 PMID: 16224307

	24.	 Mouchti S, Whitehouse MR, Sayers A, Hunt LP, MacGregor A, Blom AW. The association of body mass index with risk of long-term revision and 
90-day mortality following primary total hip replacement: findings from the National Joint Registry for England, Wales, Northern Ireland and the Isle 
of Man. J Bone Joint Surg Am. 2018;100(24):2140–52. https://doi.org/10.2106/JBJS.18.00120 PMID: 30562295

	25.	 Ramachandran M, Unkart J, Willie-Permor D, Hamouda M, Elsayed N, Malas M. Paradoxical associations exist between BMI category and periop-
erative complications following lower extremity arterial bypass. J Vasc Surg. 2023;77(6).

	26.	 Schwann TA, Ramia PS, Engoren MC, Bonnell MR, Goodwin M, Monroe I, et al. Evidence and temporality of the obesity paradox in coronary 
bypass surgery: an analysis of cause-specific mortality. Eur J Cardiothorac Surg. 2018;54(5):896–903. https://doi.org/10.1093/ejcts/ezy207 PMID: 
29868854

	27.	 Valentijn TM, Galal W, Tjeertes EKM, Hoeks SE, Verhagen HJ, Stolker RJ. The obesity paradox in the surgical population. Surgeon. 2013;11:169–
76. https://doi.org/10.1016/j.surge.2013.02.003

	28.	 Mohamed-Ali V, Goodrick S, Bulmer K, Holly JM, Yudkin JS, Coppack SW. Production of soluble tumor necrosis factor receptors by human subcu-
taneous adipose tissue in vivo. Am J Physiol. 1999;277(6):E971–5. https://doi.org/10.1152/ajpendo.1999.277.6.E971 PMID: 10600783

	29.	 Hopkins TA, Ouchi N, Shibata R, Walsh K. Adiponectin actions in the cardiovascular system. Cardiovasc Res. 2007;74:11–8. https://doi.
org/10.1016/j.cardiores.2006.10.009

	30.	 Bhaskaran K, Dos-Santos-Silva I, Leon DA, Douglas IJ, Smeeth L. Association of BMI with overall and cause-specific mortality: a population-based 
cohort study of 3·6 million adults in the UK. Lancet Diabetes Endocrinol. 2018;6(12):944–53. https://doi.org/10.1016/S2213-8587(18)30288-2 
PMID: 30389323

https://doi.org/10.1007/s10654-014-9930-3
https://doi.org/10.1007/s10654-014-9930-3
https://www.rkkp.dk/kvalitetsdatabaser/databaser/dansk-skulderalloplastik-register/
https://www.rkkp.dk/kvalitetsdatabaser/databaser/dansk-skulderalloplastik-register/
https://doi.org/10.1136/bmj.l298
www.njrcentre.org.uk
https://doi.org/10.1136/bmjopen-2015-010412
https://doi.org/10.1097/01.mlr.0000182534.19832.83
https://doi.org/10.2106/JBJS.18.00120
https://doi.org/10.1093/ejcts/ezy207
https://doi.org/10.1016/j.surge.2013.02.003
https://doi.org/10.1152/ajpendo.1999.277.6.E971
https://doi.org/10.1016/j.cardiores.2006.10.009
https://doi.org/10.1016/j.cardiores.2006.10.009
https://doi.org/10.1016/S2213-8587(18)30288-2

