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Abstract

Background: Obesity and overweight are major risk factors for several chronic diseases. There is limited systematic
evaluation of risk equations that predict the likelihood of developing an obesity or overweight associated complica-
tion. Predicting future risk is essential for health economic modelling. Availability of future treatments rests upon a
model’s ability to inform clinical and decision-making bodies.

This systematic literature review aimed to identify studies reporting (1) equations that calculate the risk for individu-
als with obesity, or overweight with a weight-related complication (OWRC), of developing additional complications,
namely T2D, cardiovascular (CV) disease (CVD), acute coronary syndrome, stroke, musculoskeletal disorders, knee
replacement/arthroplasty, or obstructive sleep apnea; (2) absolute or proportional risk for individuals with severe obe-
sity, obesity or OWRC developing T2D, a CV event or mortality from knee surgery, stroke, or an acute CV event.

Methods: Databases (MEDLINE and Embase) were searched for English language reports of population-based cohort
analyses or large-scale studies in Australia, Canada, Europe, the UK, and the USA between January 1, 2011, and March
29,2021. Included reports were quality assessed using an adapted version of the Newcastle Ottawa Scale.

Results: Of the 60 included studies, the majority used European cohorts. Twenty-nine reported a risk prediction
equation for developing an additional complication. The most common risk prediction equations were logistic
regression models that did not differentiate between body mass index (BMI) groups (particularly above 40 kg/m?) and
lacked external validation. The remaining included studies (31 studies) reported the absolute or proportional risk of
mortality (29 studies), or the risk of developing T2D in a population with obesity and with prediabetes or normal glu-
cose tolerance (NGT) (three studies), or a CV event in populations with severe obesity with NGT or T2D (three studies).
Most reported proportional risk, predominantly a hazard ratio.

Conclusion: More work is needed to develop and validate these risk equations, specifically in non-European cohorts

and that distinguish between BMI class Il and IIl obesity. New data or adjustment of the current risk equations by
calibration would allow for more accurate decision making at an individual and population level.
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Background

Obesity is a disease in its own right but also a major
risk factor for several chronic diseases, including type
2 diabetes (T2D), cardiovascular (CV) disease (CVD),
particularly heart disease and stroke, musculoskeletal
disorders, fatty liver disease, hypertension, and some
cancers [1]. Obesity is therefore strongly associated with
increased risk of morbidity and mortality in affected indi-
viduals. Globally, obesity prevalence is rising with a close
to tripling of the worldwide prevalence between 1975 and
2016, bringing the number of adults with overweight to
1.9 billion, of whom over 650 million had obesity [2].

Obesity and overweight are defined as abnormal or
excessive fat accumulation causing a deterioration in
health [3-5]. Epidemiologically, obesity is also classi-
fied by body mass index (BMI), a simple index derived
from weight (kg) and height (m?). A BMI between 25
and 29.9 kg/m? is classified as overweight and obesity as
a BMI greater than or equal to 30 kg/m? further subdi-
vided into class I (30.0-34.9 kg/m?) and class II (35.0—
39.9 kg/m?) [2]. A BMI greater than or equal to 40 kg/m?
is referred to as class III obesity.

Furthermore, obesity imposes an increasing economic
burden on society and exacerbates the costs of both
obesity-related and unrelated comorbidities [6]. This is
especially true of class III obesity which has a dispropor-
tionately large burden on the healthcare system [7], and
in 2013 the healthcare burden of individuals with a BMI
above 35 kg/m?* was 60% of total obesity-related costs [8].
By 2030, obesity above a BMI of 35 kg/m? is predicted
to rise to one in four adults in the USA, becoming the
leading BMI category for certain populations, includ-
ing women, non-Hispanic Black adults, and low-income
adults [8, 9]. Direct healthcare and indirect economic
cost burden are forecast to be upwards of tens of billions
of dollars per year by 2030 [10].

Overweight, a precursor to obesity, significantly
increases the risk of developing many complications also
related to obesity [11]. The overweight and obesity class
I-1II cut-offs were developed in Western populations but
vary depending on ethnicity [12], for example the original
class I, BMI 30-34.9 kg/mz, has been lowered for Asian
and South Asian populations to BMI 27.5 kg/m? or 25 kg/
m? [13, 14]. To consider the health consequences of over-
weight while potentially distinguishing them from those
that are not the result of excess adipose tissue, the patient
population with a BMI of 25-29.9 kg/m? was included in

this systematic literature review (SLR) population criteria
when a weight-related complication was present.

Very few analyses of populations with class III obesity
exist, although a BMI of 40-59 kg/m? is associated with
substantially elevated rates of total mortality due to obe-
sity complications [15]. The health and economic bur-
den caused by increasing BMI have resulted in adiposity
being included among the World Health Organization’s
(WHO) global action plan for the prevention and control
of non-communicable diseases. This action plan includes
a specific objective to halt the rise in obesity prevalence
at its 2010 level by 2025 [16, 17]. Controlling the growth
of populations with obesity is especially relevant during
global health emergencies, for example the coronavirus
disease 2019 pandemic, where obesity complications are
a major risk factor for survival [18, 19].

Risk equations can be developed to predict the likeli-
hood of a person with or without a pre-existing condi-
tion of developing an associated obesity complication.
These equations can help decision making at the patient
and health management level. Informative risk equation
outcomes hinge on choosing relevant risk predictors.
Risk predictors can be lifestyle based (e.g. smoking, and
exercise), socio-economic (e.g. income, and education),
phenotypic (e.g. BMI, and sex), endotypic (e.g. hyperten-
sion, and insulin sensitivity), as well as health and disease
related (e.g. diabetes, and heart attack). Risk predictor
usage varies between equations and BMI’s association
with the aforementioned diseases make it an obvious risk
predictor choice to determine health outcome risk.

Greater understanding is required as to how risk equa-
tions can be used to reliably predict individual and popu-
lation-based risk [20-22]. For example, in order to assess
the risk of obesity-associated chronic diseases (such as
CVD and T2D), multiple risk equations have been devel-
oped, such as the Cambridge Risk Score, QDiabetes,
Finnish Diabetes Risk Score (FINDRISC), Leicester Risk
Assessment, QD Score, (T2D) Framingham, and QRISK2
(CVD). Yet they lack sensitivity or validation for indi-
viduals with high BMI levels, although health outcomes
are differentially impacted dependent on the specific BMI
level [23, 24].

Weight related risk prediction equations that account
for the statistical interaction between BMI levels and
other risk predictors with the risk of outcome are of
high value, without which risks associated with certain
populations will not be accurately predicted in models.
In the absence of sensitivity or validation for individuals
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with high BMI levels, a calibration (to estimate uncertain
parameters and more accurately defining model uncer-
tainty, by comparing model outputs with empirical data)
of risk equations using current risk estimates from the lit-
erature (such as of the occurrence of CVD and develop-
ment of T2D in high BMI individuals) may lend precision
to estimates of health outcomes. We sought to identify
reliable risk prediction usage that distinguishes between,
and were robust for, all BMI levels.

While some studies have sought to predict the risk of
weight-related mortality or complication development
using risk equations, there has been limited systematic
evaluation of these equations. This SLR had two over-
arching aims, firstly to identify published risk equations
for developing obesity and overweight with a weight-
related complication (OWRC) associated complications.
Second, to identify studies that calculated absolute or
proportional risk of individuals with OWRC, obesity, or
severe obesity developing specific disease outcomes (e.g.,
T2D, CV event, or death). This insight will aid economic
modelers in developing more accurate predictions of
weight-related disease outcomes, which will in turn aid
decision makers in evaluating measures that promise to
improve health outcomes and reduce the social and eco-
nomic burden in these populations.

Methods

A systematic review was undertaken to identify all stud-
ies that provide information on the risk associated with
people living with obesity or OWRC developing com-
plications. This review was conducted according to the
York Centre for Reviews and Dissemination guidelines
for conducting reviews [25] and is reported in accord-
ance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement [26,
27]. The protocol was pre-registered on the PROSPERO
register of systematic reviews (CRD42021245324).

Study identification

The following electronic databases were searched as
standard evidence sources: MEDLINE, MEDLINE In-
Process and e-publications ahead-of-print (via PubMed),
Embase (via Embase.com), the technology appraisal sub-
missions to the National Institute for Clinical Excellence
(NICE) using risk equations, and bibliographic reference
lists from included studies.

Searches were conducted on March 25, 2021. All
peer-reviewed articles or errata published in the past
10 years (January 2011-March 2021) in Australia, Can-
ada, Europe, the UK, and the USA were included. Only
English language studies were included, full inclusion
and exclusion criteria are reported in Additional file 1:
Table S1. The search strings can be found in Additional
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file 1: Tables S2 (Embase) and Additional file 1: Table S3
(PubMed) (see Additional file 1).

Included studies reported on adults of > 18 years with
a BMI> 30 kg/m? or BMI > 25 kg/m? with the presence
of at least one weight-related complication. There were
no restrictions for interventions or comparators. Stud-
ies reported at least one of the following four outcomes:
(1) the risk equation which calculated the risk of devel-
oping at least one additional complication: prediabetes,
T2D, CVD, heart disease (including heart failure with
preserved ejection fraction), acute coronary syndrome
(unstable angina or myocardial infarction [MI]), stroke,
musculoskeletal disorders, knee replacement/arthro-
plasty, obstructive sleep apnea in a population with obe-
sity or OWRC; (2) absolute risk or proportional risk of
developing T2D in a population with obesity and predi-
abetes or normal glucose tolerance (NGT); (3) absolute
risk or proportional risk of having a CV event in a popu-
lation with class III obesity and NGT or T2D; (4) absolute
risk or proportional risk of mortality from knee surgery,
stroke, or acute CV events in a population with obesity
or OWRC. For outcomes 2—4: complications are T2D,
hypertension, dyslipidemia, obstructive sleep apnea, or
CVD; absolute risk refers to risk, rate, odds, and haz-
ard outcomes; proportional risk refers to risk ratio, odds
ratio, hazard ratio, relative risk, and risk reduction.

Study selection was conducted independently in dupli-
cate. Disagreement between the reviewers was reviewed
by a senior researcher (PGF), who made the final decision
on inclusion or exclusion of the record. Quality appraisal
and data extraction (extraction categories in Additional
file 1: Table S4) were undertaken by one reviewer (ABT)
and checked by a second (ER).

A thematic analysis of the evidence was completed, and
results are described in a narrative summary of the evi-
dence. Outcome data was grouped where possible to ena-
ble descriptive analysis, e.g., patient characteristics and
comorbidities. Heterogeneity observed between studies,
in terms of methodology and the use of definitions or
descriptors, was recorded and accounted for.

Quality assessment

Studies were quality assessed based on three categories
outlined by the Newcastle Ottawa Scale (NOS) [28] (with
modification; categories were selection, comparability,
outcome), as well as an additional category (risk equation
validation) (see Additional file 1: Table S5). Between zero
and fifteen stars were allocated to each study (a maxi-
mum of eight for the selection category, two for the com-
parability category, three for the outcome category, two
for the validation category). Studies were ranked as high
(>13 stars), medium (11-12 stars), or low quality (<10
stars).
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Results

Study selection

The details of the study selection are presented in a
PRISMA flow diagram in Fig. 1.

A total of 3155 potentially relevant studies were iden-
tified for review. A de-duplication step to remove over-
lapping studies resulted in 375 exclusions. A further 2507
were excluded at the primary screening stage, based on
their titles and/or abstracts, as they were not of relevance
to the research question. These studies were excluded for
reasons such as using a study sample from a small region
from which generalising would not be robust, investigat-
ing other diseases, or being reviews or editorials.

During the evaluation of the full-text articles 213 were
excluded for reasons such as being abstract only (52),
having confounding variables (50), having incorrect pop-
ulation criteria (15), not measuring BMI or not defining
obesity, or investigating other diseases (21), and can be
found in Additional file 1: Table S6. Therefore, a total of
60 citations were included for this review (see Additional
file 1: Table S7).

Of the 60 included studies, 29 reported risk equations,
three reported risk of T2D, three reported the risk of a
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CV event, and 28 the risk of mortality. All were cohort
studies or used data from cohort studies, most (49) were
large (>2000 participants) and 11 were small (<2000
participants).

Studies reporting risk equations

Twenty-nine included studies reported an equation to
calculate the risk of people with obesity or OWRC devel-
oping at least one additional complication. Of these, 12
reported equations calculating the risk of T2D [23, 29—
39], eight of CVD [29, 38, 40-45], five of stroke [46-50],
two of obstructive sleep apnea [51, 52], MI [49, 53], and
knee osteoarthritis or replacement [54, 55], and one of
heart failure [56]. Outcomes were measured and defined
in various ways, with some uniformity amongst com-
plications. For example, of studies reporting a T2D risk
equation, four used clinical medical diagnosis or diabetic
medication use [29, 31, 37, 38], three WHO [2] diagnos-
tic criteria [34, 36, 39], one the American Diabetes Asso-
ciation criteria [33], one a UK Read Code [35], and one
patient-reported [32], while one did not report a defini-
tion [23] and another used multiple definitions, including
medical diagnosis and WHO diagnostic criteria [30]. Of

[ Identification of studies via databases and registers ]

5 Records identified through

8 database searchlng: __ | Records removed before screening:

= Embase (n=1931) Duplicate records removed (n=2375)

€ PubMed (n = 1224)

3 Total  (n=3155)

Records screened > Records excluded (n = 2507)
(n = 2780)
Reports sought for retrieval » Reports not retrieved (n=0)

g’ (n=273)

s

o Reports excluded:

1] r Duplicate (n=5)
Reports assessed for eligibility »|  Abstract only (n=52)
(n=273) Obesity not defined or not defined by BMI (n = 21)

Population (n=15)

Risk equation not reported (n=10)

Risk not calculated (n=56)
- Published pre-2011 (n=1)
) Country (n=3)
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E Studies included in review
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Fig. 1 PRISMA flow diagram of study selection process. BMI/ body mass index, PRISMA Preferred Reporting Items for Systematic Reviews and
Meta-Analysis
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studies reporting a CV risk equation, five used relevant
International Classification of Disease codes [29, 38, 40,
42, 45], two medical records/patient surveys [41, 43], and
one did not report a definition [44].

The most common risk equations reported were logis-
tic regression models [32, 38, 39, 49, 50, 52, 55], followed
by a Cox proportional hazard model [30, 36, 40, 46, 53,
54], Cox regression model [33, 42, 45, 47, 56], survival
model [31, 34], QRISK?2 [41, 44], and FINDRISC [23, 37]
(see Table 1 for full list). Most of the equations calcu-
lated the relative risk as a hazard ratio [30, 33, 36, 40, 42,
45-48, 53, 54, 56] using a Cox proportional hazard model
also referred to as a Cox regression model. Other expres-
sions of risk included odds ratios [29, 32, 49, 50, 52, 55]
(all but one of which were logistic regression models),
risk scores [33, 35, 41, 43, 51], regression coefficients [29,
31], and absolute risk, e.g., percentage [23, 34, 37-39, 44].

Risk equation building

All equations in the included studies were developed
and/or validated using cohort data. These data ranged
in terms of cohort size (161 [51] to 3.5 million [48] par-
ticipants) and differed with regard to cohort populations
used to validate the equation.

The time period over which risk was assessed ranged
from 30 days [49] to lifetime [34]. The most reported
(31%) risk time frame was 10 years [23, 31, 35, 37, 39,
43, 44, 47, 48], 48% of the risk equations were based on
the time frame of the cohort follow-up period [30, 32,
33, 39-42, 45, 49, 52-56], and two did not report a time
frame [46, 50].

In terms of geography, most risk equations were devel-
oped or validated with cohorts in Europe (UK [23, 30,
31, 35, 41, 42, 44, 46, 48, 52, 55], the Netherlands [29,
34, 43, 47], Norway [53, 54], Germany [50], Ireland [37],
Italy [51], Russia [36], Spain [33], Sweden [56]), and the
remaining on cohorts either in the USA [39, 40, 47, 49] or
Australia [32, 38, 45]. One study used cohort data from
two countries (the Netherlands and the USA) [47].

Validation and equation comparisons

Validation of equation performance was carried out
on single or multiple data sets from internal or exter-
nal cohorts. Not all studies mentioned equation valida-
tion and only six studies validated their equations with
external cohorts, which is considered the most accurate
validation method [23, 35, 38, 41, 43, 44]. The equations
were typically tested against more than one externally
validated model.

Risk predictors
As the studies measured different outcomes, there was
some variation in the risk predictors included. Even when
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calculating the risk of developing the same complication,
risk predictors varied, which could have been due to dif-
ferences in equations used, individual cohort data, or
definitions of the disease outcomes measured (Fig. 2, and
Table 1 for full list of variables and references).

In terms of population characteristics, after BMI, age
was the most widely included across studies (93%). When
individual background was taken into account, both dep-
rivation (17% of studies) and education (14% of studies)
were considered as well as income (3%) and family medi-
cal history (41%). Smoking was the major lifestyle risk
predictor used in 83% of studies, followed by alcohol
consumption (28%) and physical activity (28%). Predic-
tors that could alleviate risk such as lifestyle intervention
or pharmacotherapy were not included in any study and
neither was the metabolic health of people with obesity.

Risk predictor selection

The rationale behind why risk factors were selected for
the equations varied. The majority reported on their
rationale. Tools such as the Framingham or QRISK2
include risk predictors that were used in six studies [23,
35, 37, 38, 41, 44] and use of previously cited risk predic-
tors or established clinical risk factors [29, 31, 39, 48, 55]
was not uncommon. Some studies designed methods to
identify risk predictors specific for their study, such as
Jackson et al. who considered all cohort baseline charac-
teristics and used a backwards step regression to select
the equation risk predictors [49]. A minority of studies
either did not discuss risk predictor selection or their
chosen variables were assessed using the cohort data at
baseline as risk predictors without detailed explanation
[30, 32, 34, 40, 42, 43, 45-47, 50-52, 54, 56].

BMI risk predictor

The use of BMI as a categorization of obesity levels was
an inclusion criterion for this SLR, however, the range
and granularity of how BMI was included into each equa-
tion differed. WHO defines weight according to six BMI
ranges (underweight<18 kg/m? normal weight 18.5—
24.9 kg/m2, overweight 25.0-29.9 kg/m?, obesity class I
30.0-34.9 kg/m?, obesity class I 35.0-39.9 kg/m?, obesity
class III >40 kg/m?) yet only 13 studies used these cat-
egories [2, 29, 30, 32, 42-44, 48-50, 52—55], and only five
studies included a breakdown of BMI above 30 kg/m? [30,
42, 49, 52, 56]. Generally, most studies (18) did not report
beyond BMI > 30 kg/m? in the baseline characteristics of
the cohort used to develop or validate the risk equation
or in the outcomes.

Quality assessment
NOS scores for the included risk equation studies ranged
between eight to 14 stars with nine assessed as high
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Fig. 2 The most common risk predictors used in overweight and obesity risk equations. BM/ body mass index, CVD cardiovascular disease, 2D type

2 diabetes

quality [31, 33, 35-37, 39, 48, 54, 56], eight as medium
(23, 29, 41, 43, 44, 47, 49, 52], and 12 as low quality [30,
32, 34, 38, 40, 42, 45, 46, 50, 51, 53, 55]. For the validation
component, six out of the 29 papers scored full marks
and 13 received no stars (see Additional file 1: Table S8).

Two studies achieved the highest NOS score of 14,
Hippisley-Cox et al. [48] and Phillips et al. [37].

Phillips et al. [37] compared seven diabetes risk assess-
ment tools, on the same cohort of 2047 adults, aged
50-69, with a BMI range of 28.3—32.3. Their main find-
ings were that most diabetes risk scores offer limited
ability to identify subjects with metabolic abnormalities
and at risk of developing T2D. Estimates varied greatly,
even when comparing risk scores that were based on the
same factors (e.g. lifestyle — FINDRISC or clinical — Wil-
son risk scores) there was not complete concordance. The
wide range of risk estimates between the risk scores were
related to exclusion of certain factors, differential variable
weighting, variation in high-risk thresholds, and differ-
ences in populations used to develop these scores. The
study promoted the necessity to validate equations spe-
cifically for each population to identify, not just high-risk
individuals, but disease hot spots that can be targeted by
public health interventions.

Hippisley-Cox et al. [48] aimed to develop and vali-
date QStroke, an algorithm to estimate risk of stroke

or transient ischemic attack, in 3.5 million adults aged
25-84 years old. They compared QStroke to CHADS2
and CHA2DS2VASc in patients with atrial fibrillation,
and they compared it to the Framingham stroke score
in the stroke/transient ischemic attack free population.
QStroke had improved performance compared against
all three scores although levels of discrimination were
lower for patients with atrial fibrillation. In atrial fibrilla-
tion patients there is a slight over prediction for women
at high levels of predicted risk, whereas the model is well
calibrated for men. They identified a specific population,
those for whom anticoagulation is considered, that could
particularly benefit from Qstroke. Qstroke incorporates
weighted established risk factors, such as ethnicity and
deprivation, that are absent from existing stroke risk
tools. It is also more patient friendly, in terms of giving
absolute measures of stroke risk and it is aimed at being
incorporated into GP practices.

Studies reporting absolute or proportional risk

Risk of T2D

Three studies reported the risk of developing T2D in a
population with obesity (BMI> 30 kg/m?) and NGT or
prediabetes [34, 57, 58] and were carried out in the Neth-
erlands [34], Poland [58], or the USA [57] (Table 2).
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Table 2 Included studies reporting T2D risk in a population with obesity with NGT or prediabetes

Study Year Country Glycemic status BMI (kg/m?) Risk Note
Blume et al. [57] 2015 USA NGT 30.0-34.9 HR 34 Relative to normal weight
350-399 MRS58 (BMI185-25.0)
>40 HR 9.5
Prediabetes 30-34.9 HR 2.0
35.0-39.9 HR 2.5
>40 HR 2.9
Ligthartetal.[34] 2016 Netherlands NGT 30.0-34.9 AR 43.9% (95% Cl 38.6-49.2)  Absolute risk of developing T2D
>35 AR 56.6% (95% Cl 46.7-66.6) 3t age 4> years
Prediabetes 30.0-34.9 AR 87.7% (95% Cl 79.4-96.0)
>35 AR 80.9% (95% Cl 65.9-95.9)
Zatonska et al. [58] 2020 Poland Pooled NGT and prediabetes > 30 HR 5.731 (95% Cl 2.56-12.82) Relative to normal weight

(BMI18.5-24.9)

AR absolute risk, BMI body mass index, C/ confidence interval, HR hazard ratio, NGT normal glucose tolerance, 72D type 2 diabetes

Only one study split obesity into multiple categories,
BMI 30-34.9 kg/m? 35-39.9 kg/m? including a sepa-
rate one for >40 kg/m? (class III obesity) [57], the others
grouped obesity classes together, including the Zatonska
et al. study that used only one category > 30 kg/m? [58].
All studies reported an increased risk of developing T2D,
either with absolute risk [34] or relative risk [57, 58].

On the NOS quality assessment scale, two of the stud-
ies were of low quality (10 stars) [34, 57] and one of
medium quality (11 stars) [58] (see Additional file 1:
Table S8).

Risk of CV event
Three studies reported the risk of experiencing a CV
event in a population with class III obesity and NGT or

T2D [59-61] and were carried out in Norway [60], Swe-
den [59], and the UK [61] (Table 3).

All studies reported that class III obesity increased the
relative risk of a CV event, except in the case of metaboli-
cally healthy obesity (obesity without hypertension, dys-
lipidaemia, and insulin resistance) where there was no
increased risk of MI [60].

Two of the studies were of medium quality (11 stars)
[59, 60] and one of high quality (13 stars) [61] according
to the NOS rating (see Additional file 1: Table S8).

Risk of mortality

Three studies reported the risk of mortality from total
knee arthroplasty [62-64], four from stroke [65-68],
and 22 from CV events in a population with obesity or

Table 3 Included studies reporting the risk of CV events in populations with severe obesity with NGT/T2D

Study Year Country Glycemic status BMI (kg/m?) Riskof HR Note
Edgvistetal. 2019 Sweden T2D (HbA,. <53 mmol/mol) >40 Ml 1.53(95% ClI Relative to no T2D
[59] 1.25-1.87)
T2D (HbA, 53-70 mmol/mol) 1.97 (95% ClI
1.63-2.38)
T2D (HbA, . <53 mmol/mol) Hospi- 5.01(95% ClI
talization 3.93-6.39)
T2D (HbA,  53-70 mmol/mol) forheart 5 g6 (9506
fallure 457 757)
lyenetal. [61] 2021 UK Not reported Morbidly obese (average BMI49.1) Stroke/  1.04 (95% Cl Relative to over-
transient  0.93-1.18) weight (BMI 25-30)
ischemic
attack
Merkedal 2014 Norway NGT > 40 MI 0.9 (95% Cl Relative to BMI< 25
et al. [60] 0.3-2.9)
T2D or prediabetes 1.8 (95% Cl
1.1-3.1)

BMI body mass index, C/ confidence interval, CV cardiovascular, HbA, . glycated hemoglobin, HR hazard ratio, NGT normal glucose tolerance, M/ myocardial infarction,

T2D type 2 diabetes
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OWRC [53, 61, 67, 69-87] (Table 4). Studies were carried
out in Australia (one study), Europe (14 studies over five
countries), and the USA (13 studies).

Almost all studies measured relative risk. Most stud-
ies reported risk of mortality increased with higher BMI
counts, however, not all studies agreed. Two studies
reporting on mortality following total knee arthroplasty
showed no association with weight [63, 64]. The often-
documented paradoxical link with mortality following
stroke was reported in two of three studies [65, 66]. For
CV linked mortality, a paradoxical link was reported in
two studies [69, 72], two reported no association [78, 85],
and in others a more nuanced association was demon-
strated [53, 61, 70, 76, 77, 83].

The NOS rating for the studies on mortality from
total knee arthroplasty were all of high quality. Of stud-
ies detailing mortality from stroke two were assessed as
low quality (10 stars) [66, 67], one medium (11 stars) [68],
and one high (13 stars) [65]. The majority (12) of stud-
ies reporting on risk of mortality from CV events were of
medium quality [69-71, 73, 77, 81-87], there were seven
of low [53, 67, 72, 74-76, 80], and three of high quality
[61, 78, 79].0ne study achieved the maximum star in
this SLR of 14, Das et al. [79]. They assessed the impact
of class III obesity on care and outcomes on a specific
type of MI, ST-segment MI, in a cohort of 49,329 sub-
jects. Class III obesity was associated with younger age
at MI presentation, as well as a higher prevalence of dia-
betes, hypertension, and dyslipidaemia but less extensive
coronary artery disease and better left ventricular systolic
function, though in-hospital mortality remains signifi-
cantly higher than those with class I obesity. Patients with
class III obesity and MI were more than a decade younger
than normal weight counterparts and more likely to be
women and of African American descent.

Discussion
This SLR represents the current state on available data for
risk equations that can predict the incidence of complica-
tions in populations with OWRC and obesity. It further
exposes the unmet need for obesity specific equations,
the limited ability of these equations to estimate risk for
higher BMI categories, and the inconsistency of results
between different risk equations on the same popula-
tions with OWRC and obesity. There is a clear necessity
for new data or adjustment of the current risk equations
to allow for more robust health economic modelling that
can inform accurate decision-making strategies for the
management of people living with obesity and specifi-
cally class III obesity.

It is important to validate risk equations in external
cohorts to assess their usability in different populations
and regions [37]. Otherwise potential problems arise
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when developing multivariable risk prediction models,
including overestimating performance and overfitting [6,
21], meaning that the equation’s performance cannot be
applied to external data cohorts not used to derive the
model [88]. Beyond this, Mathur et al. acknowledges that
even though many risk prediction tools have been devel-
oped, for T2D for example, relatively few validated risk
scoring systems have demonstrated real-world applica-
tion [35].

Only six studies reported on external validation of
the risk equations [23, 35, 38, 41, 43, 44] (eight out of
the total 60 included studies used external validation
[23, 35, 38, 41, 43, 44, 79, 84]). All of the externally vali-
dated equations calculate the risk of T2D and CVD, but
none calculated the risk of developing other complica-
tions commonly associated with obesity or overweight.
However, even when comparing the performance of fre-
quently used and validated risk equations in T2D and
CVD, Gray et al. (2014 and 2015) demonstrated that they
produce different outcomes and assessments of risk [23,
44]. This highlights the complex nature of these equa-
tions and the impact of the specific risk predictors and
how they are calibrated.

A common theme in the literature is the lack of granu-
larity among BMI classes of obesity used to develop or
validate the published risk equations. People living with
obesity were typically characterized as having a BMI of
>30 kg/m? and not broken down further. Therefore,
it can be assumed that these risk equations may work
well up to a certain BMI level before they lose sensitiv-
ity. Only 17% of the risk equations detailed the BMI of
the cohort used to develop and/or validate the risk equa-
tion by obesity class beyond > 30 kg/m? [30, 42, 49, 52,
56]. Most (62%) risk equation studies did not report any
BMI breakdown of the cohort used or only reported the
average BMI at best [23, 29, 31-35, 37, 39-41, 44, 47,
48, 50, 51, 54, 55]. No risk equation was developed or
validated using a cohort separately distinguished beyond
BMI > 40 kg/m? Even with the lack of risk equation spec-
ificity for class III obesity some still calculated the risk
of developing a complication more granularly, beyond
this point. No explanation or insight was identified for
including higher BMI groups into these risk equations, or
how, if at all, a presumably small sample within the high-
est BMI groups was dealt with accurately to create these
equations. The representation of each population in the
development and validation process lacked clarity. There-
fore, the accuracy of the calibration for calculating class
IIT obesity specific risk and the subsequent performance
of the risk equation is contentious.

Absolute or relative risks, as identified in this SLR,
can be used in calibration of risk equations to improve
accuracy in higher BMI populations, or in populations
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not well represented (e.g., those with specific complica-
tions). Poorly calibrated risk equations can be misleading
and potentially harmful in clinical decisions. The identi-
fied calibration targets can either be used to calibrate
an existing model to better fit populations with obesity
or overweight with more precision, or to confirm if new
risk equations are robust. Such risk measures can be used
as calibration targets in simulations to help optimize risk
equation parameters, for example [89]. This approach
would ensure greater accuracy and generalizability in
subpopulations currently not well represented.

As for the identified studies reporting absolute or pro-
portional risk for development of T2D, CV events, and
mortality in specific populations with obesity or OWRC,
those assessing outcome and complication development
often failed to distinguish multiple obesity classes and
lacked precision. The results of different studies on the
same topic were not always in agreement, making it dif-
ficult to draw concrete and meaningful conclusions. For
example, different studies reported higher, lower, and no
association for stroke mortality risk in association with
obesity and OWRC [65-68]. Also, for CV mortality risk
in association with obesity and OWRC some studies have
reported a paradoxical link [69, 72] or no association [78,
85], countering increased [67, 74, 79-81, 84, 86, 87] or
nuanced risk [53, 61, 70, 76, 77, 83] from other studies.
More consistency in studies is needed, with more granu-
lated risk predictors (e.g., BMI) as well as a wider range of
risk factors being explored, such as historical and ongo-
ing weight increases rather than just the current BML
This would allow robust outcomes to inform calibration
and validation for risk equations.

The choice of risk predictor usage and its weighting
depend on the outcome and population of interest. There
is not one catch all risk predictor for weight related com-
plications. If we consider patients with T2D, BMI is a
strong independent risk factor of heart failure in a step-
wise fashion, but not for acute myocardial infarction [49].
In addition, risk predictor choice may be limited by avail-
ability. For example, in primary care settings potential
risk predictors such as liver function tests, pulse rate, and
BMI are not always recorded [31], so what makes a good
risk predictor also lies in its ease of use. In the absence
of singular strong risk predictors the use of multiple risk
predictors that individually slightly increase risk can still
identify a high risk group [29].

While not perfect, risk equations have been used to
inform both clinical and health technology assessment
(HTA) decision making in obesity and overweight [90].
The UK’s NICE guidelines recommend using the Cam-
bridge Risk Score, FINDRISC, Leicester Risk Assessment,
and QDiabetes for calculating the risk of developing T2D
[91]. In a comparison of the four, Gray et al. concluded
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that either QDiabetes or FINDRISC are the most prac-
tical and cost-effective tools for NICE decision making
[23]. Mathur et al. concluded that NICE could use the
QDScore to identify high T2D risk people, however this
SLR did not identify any other studies comparing this risk
equation with other tools and therefore this may not be
substantiated [35]. In CVD, NICE recommend the use
of QRISK2 because Framingham equations overestimate
the risk in a UK population and QRISK2 is widely used
in UK general practice [41, 48]. Indeed, when compared
with three other validated CVD risk equations, QRISK2
was reported to have high accuracy and is frequently
updated, making it most appropriate for decision making
[44].

Conclusion

The studies included in this SLR used risk equations
adapted for the target population but not built specifically
for them and BMI categories that were inconsistently
reported and adhered to, providing limited potential for
comparison or accurate risk assessment. The included
studies calculating absolute or proportional risk of spe-
cific disease outcomes can be built upon to inform more
robust risk equations and so, provide more reliable health
economic models to aid decision makers.

The accuracy of the risk equations when applied to
other populations and between BMI classes, in particu-
lar class III obesity, remains questionable. The majority of
risk equations lacked external validation and those that
did only calculated the risk of developing T2D and CVD.
The risk equations were largely limited to European
cohorts and made little attempt to delineate between
obesity classes, particularly with regard to higher BMI
groups.

This SLR also identified a number of studies reporting
absolute risks of developing T2D, CVD or mortality from
CVD, T2D, or total knee arthroplasty in populations with
obesity and OWRC. Such absolute scores can be used
as calibration targets when calibrating risk equations, to
help with accuracy in populations with higher BMIs or in
subgroups of populations with obesity or OWRC.

Implications in practice and recommendations

This SLR has highlighted several gaps to be addressed in
future work, with real-world implications. Further work
is needed to externally validate equations calculating the
risk of populations with obesity or OWRC developing a
complication. This should also include validating these
equations in diverse populations to ensure generalizabil-
ity. It should additionally ensure cohorts with obesity are
clearly broken down by class, especially focusing on class
III obesity, again to ensure accuracy in this population.
We identified externally validated risk equations used to
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predict T2D and CV risk but, particularly for other obe-
sity associated complications, found limited data and
further development for all outcomes is required. Other
approaches could include utilizing or generating real-
world evidence to fill some of the data gaps and recali-
brating existing risk equations. This will help to inform
robust evaluations of obesity and overweight treatments,
HTA decision making, and beyond. More studies inform-
ing on the absolute or proportional risk of a wider range
of risk factors, specifically for populations ranging from
overweight through class I, I, and III obesity, would help
to calibrate and improve both existing and new risk equa-
tions for these populations.

Many of the points raised above can enhance future risk
equations and study design. We have discussed in detail
the importance of categorising BMI and recommend
that future studies harmonise through using, for exam-
ple, the relevant WHO BMI scales, and avoid grouping
weight categories. In addition to identifying specific risk,
it will allow individual data sets to be pooled and reana-
lysed. Additional guidelines could include new risk equa-
tions focusing on weight associated complications that
are poorly predicted by the existing risk equations such
as metabolic abnormalities and risk of developing T2D.
Also, the identification of new risk predictors through
methods such as genetic profiling and related to meta-
bolic alterations would add value, while new data can
support existing risk predictors and determine how they
are best weighted for each equation.

As scientists increasingly understand the value of data
sharing and open-source codes, big data will further
change the way we predict risk. As an example, all mod-
ern predictive models of financial market risks are based
on data driven analysis exploiting machine learning. One
of the main reasons this is not done in medicine yet is
due to the data deficit needed for a multifactorial analy-
sis. Only a few areas in the medical field, such as radiom-
ics, have harnessed this power with data driven analysis
for diagnosis and prognosis of several diseases. As more
data is gathered, risk modelling for weight related out-
comes will become more powerful to accurately predict
outcomes for populations living with obesity, populations
that are growing rapidly in many parts of the world.

Limitations

This SLR was limited to countries by geographical scope
(Australia, Canada, Europe, and the USA) and there-
fore may have excluded potentially useful risk equa-
tions developed in other regions. Results predominantly
reflected European studies, while Canada and the USA
are not well represented. Furthermore, because a direct
comparison of the risk equations was not possible due
to each being developed or calculated using different
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methods for different purposes, a judgment on how each
risk score performs is the opinion of the user or decision-
maker in a particular context. Finally, obesity may not be
a single homogenous disease. Thus, if there are differ-
ent obesity subtypes leading to the same BMI in differ-
ent people then a single unifying risk equation may not
be possible, but rather better diagnostic ability of these
obesity subtypes may be required to refine future risk
equations.
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