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ABSTRACT
Introduction The prevalence of type 2 diabetes (T2D) 
within sub- Saharan Africa (SSA) is increasing. Despite 
the pathophysiology of T2D differing by ethnicity and sex, 
risk stratification and guidelines for the prevention of T2D 
are generic, relying on evidence from studies including 
predominantly Europeans. Accordingly, this study aims to 
develop ethnic- specific and sex- specific risk prediction models 
for the early detection of dysglycaemia (impaired glucose 
tolerance and T2D) to inform clinically feasible, culturally 
acceptable and cost- effective risk management and prevention 
strategies using dietary modification in SSA and European 
populations.
Methods and analysis This multinational collaboration 
will include the prospective cohort data from two African 
cohorts, the Middle- Aged Soweto Cohort from South Africa 
and the Research on Obesity and Diabetes among African 
Migrants Prospective cohort from Ghana and migrants 
living in Europe, and a Swedish cohort, the Pre- Swedish 
CArdioPulmonary bioImage Study. Targeted proteomics, as well 
as targeted and untargeted metabolomics, will be performed 
at baseline to discover known and novel ethnic- specific and 
sex- specific biomarkers that predict incident dysglycaemia 
in the different longitudinal cohorts. Dietary patterns that 
explain maximum variation in the biomarker profiles and that 
associate with dysglycaemia will be identified in the SSA and 
European cohorts and used to build the prototypes for dietary 
interventions to prevent T2D. A comparative cost- effectiveness 
analysis of the dietary interventions will be estimated in 
the different populations. Finally, the perceptions of at- risk 
participants and healthcare providers regarding ethnic- specific 
and sex- specific dietary recommendations for the prevention 
of T2D will be assessed using focus group discussions and 
in- depth interviews in South Africa, Ghana, Germany (Ghanaian 
migrants) and Sweden.
Ethics and dissemination Ethical clearance has been 
obtained from all participating sites. The study results will 
be disseminated at scientific conferences and in journal 
publications, and through community engagement events and 
diabetes organisations in the respective countries.

STRENGTHS AND LIMITATIONS OF THIS STUDY
 ⇒ Multinational collaboration between researchers 
in Europe (Sweden, Germany and the Netherlands) 
and Africa (South Africa and Ghana) enables 
the sharing and harmonisation of prospective 
cohort data from a European (Pre- Swedish 
CArdioPulmonary bioImage Study) cohort from 
Sweden and two African cohorts: Middle- Aged 
Soweto Cohort from South Africa and Research 
on Obesity and Diabetes among African Migrants 
Prospective including Ghanaians living in rural 
and urban Ghana and migrant Ghanaians living 
in Europe.

 ⇒ The study provides the unique opportunity to 
identify and compare metabolite and/or protein 
biomarkers reflecting sex and ethnic differenc-
es in the aetiology of dysglycaemia that may be 
used for the early detection of dysglycaemia, 
even before symptoms develop.

 ⇒ The dietary patterns associated with the bio-
markers and dysglycaemia will build the basis 
for prototypes of sex- specific and ethnic- specific 
dietary interventions to prevent T2D, for which 
the cost- effectiveness will be assessed.

 ⇒ The study will adopt a user- centred and person- 
centred approach to explore the perceptions of 
individuals at risk of T2D, as well as healthcare 
providers regarding T2D risk and their willingness 
to engage in ethnic- specific and sex- specific di-
etary preventative strategies in different settings 
in sub- Saharan Africa and Europe.

 ⇒ Oral glucose tolerance tests were not performed 
in all cohorts, and the blood collection tubes 
used to determine the metabolomics and pro-
teomic profiles were not standardised across all 
cohorts, which may be considered limitations of 
this study.
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INTRODUCTION
The global prevalence of type 2 diabetes (T2D) is rising, 
and rates of dysglycaemia (including impaired glucose 
tolerance and T2D) are projected to double in sub- 
Saharan Africa (SSA) compared with Europe in the next 
25 years.1 Within SSA, South Africa (SA) has the highest 
number of people living with T2D,1 and T2D was the 
second leading cause of death in 2016 (5.5% of deaths) 
and the highest among women (7.2% of deaths). Ghana 
is also experiencing an upsurge of T2D, mainly driven by 
rapid economic growth and urbanisation. In rural Ghana, 
the age- standardised prevalence of T2D is 3.6% in men 
and 5.5% in women, compared with 10.3% for men and 
9.2% for women in urban Ghana.2 In addition, first- 
generation Ghanaian migrants in Europe show a higher 
burden of T2D than their counterparts in their country 
of origin (12.8% among Ghanaian men in Amsterdam 
and 3.6% among Ghanaian men in rural Ghana).2 Corre-
sponding data from Northern Sweden show a prevalence 
for T2D of about 5%, with slightly more men than women 
being affected and a modest increase during recent years.3 
Notably, a significantly greater proportion of persons with 
diabetes are undiagnosed in SSA compared with Europe 
(54% vs 36%).1 Accordingly, population- specific risk 
stratification is essential for the early detection of T2D to 
prevent or delay the progression of the disease.

Current evidence suggests that the pathogenesis of T2D 
in populations of African ancestry (here referred to as 
‘Africans’) is different to that of populations of European 
ancestry (here referred to as ‘Europeans’).4 5 For the same 
level of body fatness, Africans have less visceral adipose 
tissue6 and liver fat7 than their European counterparts, 
but paradoxically have lower whole- body insulin sensi-
tivity and present with hyperinsulinaemia.6 8 Notably, this 
phenotype is also observed in African adults and children 
living on the continent and in the diaspora, suggesting 
that this trait is highly conserved.9 There is also evidence 
of sexual dimorphism in the pathogenesis of T2D in 
both SSA and Europe,10 11 which may be explained by sex 
differences in body fat distribution, biological, sociocul-
tural and lifestyle factors.10 12 13 Notably, the interplay of 
biology and lifestyle factors is also key to understanding 
the ethnic differences in T2D risk.4 14 15

Despite these vast phenotypic differences between 
Africans and Europeans, risk stratification and the clin-
ical guidelines for managing T2D globally are largely 
based on studies that predominantly include participants 
of European ancestry. In the first prospective study to 
examine waist circumference thresholds to predict inci-
dent dysglycaemia (impaired glucose tolerance (IGT) 
and T2D) and T2D in an SSA population, we showed 
that the optimal thresholds in an SA cohort differed from 
those in European populations.16 However, these African- 
specific thresholds still showed low specificity even when 
combined with metabolic syndrome risk factors.16 This 
highlights the critical need for studies to identify sex- 
specific and ethnic- specific biomarkers with high sensi-
tivity and specificity. Such biomarkers could facilitate 

early detection of dysglycaemia, enhancing the effective-
ness of preventive therapies before symptoms appear.

Studies are now using omics approaches to gain a 
mechanistic understanding of the pathophysiology of 
T2D as well as to improve diagnostic and risk prediction 
in clinical settings.17–19 Indeed, in metabolomic studies, 
we have shown that two phosphatidylcholines containing 
odd- chain fatty acids and 2- hydroxyethanesulfonate were 
predictive biomarkers of T2D in a Swedish prospective 
cohort.19 We have also shown that metabolites involved 
in phospholipid, bile acid and branched- chain amino 
acid pathways predicted the development of T2D in SA 
women 13 years later.20 Although the metabolites only 
marginally improved overall risk prediction compared 
with traditional risk factors, such as age, body mass index 
(BMI), fasting plasma glucose, lipidemia, blood pressure, 
physical activity and smoking, these metabolites capture 
lifestyle exposures (diet) and contribute to the mecha-
nistic understanding of T2D.19 In contrast, using targeted 
proteomic analysis of 276 proteins in a study of ~12 000 
Europeans, we showed that selected proteins clearly 
improved early prediction for T2D beyond traditional 
risk factors.19 Furthermore, using a targeted proteomics 
(184 proteins) approach in middle- aged Black SA men 
and women, we recently identified 73 proteins associated 
with dysglycaemia in a cross- sectional study, of which 34 
were validated in the EpiHealth cohort from Sweden and 
39 were specific to this African cohort.21 These proteins 
require verification as biomarkers for prediction of 
dysglycaemia in prospective studies and in other African 
cohorts.

The Omics Approach for Personalised Prevention of 
Type 2 Diabetes Mellitus for African and European Popu-
lations (OPTIMA) study provides the unique opportu-
nity to identify and validate metabolites and proteins in 
prospective studies of incident dysglycaemia in African 
cohorts from SA and Ghana. SA and Ghana represent 
countries at various stages of the epidemiological tran-
sition. The results from these African cohorts will be 
compared with those from a Swedish cohort, providing 
a western European point of reference. The design will 
allow us to identify metabolite and/or protein biomarkers 
reflecting differences in T2D aetiology and associated 
dietary patterns for sex, ethnicity and geographic loca-
tion. We hypothesise that these biomarkers will improve 
the prediction of T2D beyond the traditional anthropo-
metric and glycaemic markers, which have been shown 
to have poor discriminatory ability, particularly in African 
populations.16 We also hypothesise that some metabolite/
protein predictors may mediate effects of diet on dysgly-
caemia. Thus, dietary patterns associated with biomarkers 
and incident T2D will be explored to build the prototypes 
for ethnic- specific and sex- specific dietary interventions 
to prevent T2D, for which the cost- effectiveness will be 
assessed.22 Furthermore, due to the sexual dimorphism 
in T2D risk, we will develop accurate sex- specific models 
for T2D prediction in the different populations. It is also 
essential to understand the biopsychosocial aspects of 
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primary T2D prevention that vary significantly between 
countries and their respective healthcare systems. These 
factors are heavily influenced by socioeconomic, sociocul-
tural and personal factors like illness perception.23 There-
fore, it is essential to use a person- centred approach to 
gain an understanding of the perceptions of healthcare 
providers and those at risk of T2D regarding preventative 
strategies, particularly across different settings.

The overarching aim of this study is to develop ethnic- 
specific and sex- specific risk prediction models for the 
early detection of dysglycaemia in both Africans and 
Europeans. These models will inform clinically feasible, 
culturally acceptable and cost- effective risk management 
and prevention strategies using dietary modification in 
both SSA and European populations.

To achieve this overall aim, the following specific objec-
tives will be addressed by harnessing prospective cohort 
data from two African cohorts, the Middle- Aged Soweto 
Cohort (MASC) from SA and the Research on Obesity and 
Diabetes among African Migrants Prospective (RODAM- 
Pros) cohort from Ghana and migrants in Europe, and a 
cohort from Sweden, the Pre- Swedish CArdioPulmonary 
BioImage Study (Pre- SCAPIS):
1. To use an omics approach to identify protein and/or 

metabolite biomarkers that predict the development 
of dysglycaemia in the different cohorts.

2. To establish ethnic- specific and sex- specific algorithms 
including traditional clinical parameters and newly 
identified biomarkers for the early detection of dysgly-
caemia in European and SSA populations.

3. To determine dietary patterns that explain maximum 
variation in the biomarker profiles and identify the as-
sociations of these dietary patterns with dysglycaemia 
among European and SSA populations; and to use 

these dietary patterns to build the basis for prototypes 
of sex- specific and ethnic- specific dietary interventions 
for the prevention of T2D.

4. Compare the cost- effectiveness and distributional con-
sequences of this dietary intervention against other 
strategies for T2D prevention based on improvements 
in population health in Ghana, SA, Germany and Swe-
den.

5. To use a user- centred and person- centred care ap-
proach to understand the perceptions of high- risk par-
ticipants and healthcare providers regarding T2D risk 
and the acceptability of ethnic- specific and sex- specific 
preventative dietary recommendations.

A schematic diagram of the study objectives is presented 
in figure 1.

METHODS AND ANALYSIS
Description of the prospective cohort studies
Middle-Aged Soweto Cohort
The MASC participants were originally part of the African 
WITS- INDEPTH Partnerships for Genomic Research 
(AWI- Gen) Collaborative Centre, which is a Human 
Heredity and Health in Africa (H3A) Consortium study, 
as described in detail previously.24 The AWI- Gen study 
included 1027 men and 1004 women aged 40–60 years 
living in Soweto, from which the MASC participants 
were randomly selected (n=1021).16 Pregnant women, 
first- degree relatives of existing participants, recent 
immigrants (with <10 years of residence in the region) 
and individuals with physical impairments preventing 
measurement of blood pressure and other anthropo-
metric indices were excluded from the study. MASC base-
line assessments were conducted between 2017 and 2018 

Figure 1 Schematic diagram of the OPTIMA study.
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and the follow- up assessments were conducted between 
2023 and 2024. The baseline and follow- up of the MASC 
were granted ethical clearance (clearance certificate no. 
M160604 and M230408, respectively) by the Human 
Research Ethics Committee (Medical) of the University 
of the Witwatersrand. Before participation in the research 
trial, all participants provided written informed consent.

Baseline and follow- up data collection included fasting 
blood sampling, measures of glucose tolerance (oral 
glucose tolerance test (OGTT)), body composition 
(anthropometry and dual X- ray absorptiometry), dietary 
intake (food frequency questionnaire (FFQ)), physical 
activity (accelerometry and Global Physical Activity Ques-
tionnaire (GPAQ)) and sociodemographic factors (ques-
tionnaires), as described previously.13 16 25 26

Research on Obesity and Diabetes among African Migrants 
Prospective cohort
Recruitment and baseline assessments of the multicentre, 
population- based RODAM cohort were performed 
between 2012 and 2015, with follow- up assessments being 
conducted between 2019 and 2021, as described previ-
ously.27 28 The RODAM- Pros cohort includes participants 
from rural Ghana (n=638) and urban Ghana (n=608), 
and first- generation Ghanaian migrants residing in 
Amsterdam, the Netherlands (n=919). Also, individuals 
born in the Netherlands were recruited into RODAM- 
Pros but are not part of the OPTIMA project.28 The partic-
ipation rates at baseline were 76% in rural Ghana, 74% 
in urban Ghana and between 67% and 75% in Europe. 
Ethical approval was obtained from the respective ethics 
committees in Ghana (Committee on Human Research, 
Publication and Ethics, Kwame Nkrumah University of 
Science and Technology, Kumasi), and the Netherlands 
(Medical Ethics Review Committee, Academic Medical 
Centre, University of Amsterdam), both at baseline and 
follow- up. Written informed consent was obtained from 
all participants prior to participation.

Baseline (RODAM) and follow- up (RODAM- Pros) data 
collection included information on demographics, socio-
economic status, medical history, lifestyle factors, dietary 
intake (Ghana- specific Food Propensity Questionnaire 
(Ghana- FPQ), capturing the usual intake of 134 food 
items in 30 food groups), anthropometry and blood pres-
sure, as described previously.27 28 In addition, fasting blood 
samples were drawn for standard biochemical analyses, 
comprising but not limited to fasting glucose, haemo-
globin A1c, insulin, blood lipids, liver enzymes, markers 
of kidney function and inflammation. The samples were 
centrally analysed at the laboratory of the Department 
of Endocrinology and Metabolism, Charité-Universitäts-
medizin Berlin and at the laboratory at Amsterdam UMC, 
Amsterdam. No OGTT was performed in RODAM- Pros 
participants. All data were collected according to standard 
operating procedures, to allow for comparison between 
the different geographical locations and between base-
line and follow- up.

The Pre-Swedish CArdioPulmonary bioImage Study
The Pre- Swedish CArdioPulmonary bioImage Study (Pre- 
SCAPIS) study includes individuals enrolled in SCAPIS- 
Umeå who were also enrolled in the Northern Sweden 
Health and Disease Study (NSHDS). SCAPIS is a general 
population- based prospective study (www.scapis.org). 
Between 2013 and 2018, men and women aged 50–64 
years were randomly recruited from the census register 
at six sites in Sweden (Gothenburg, Linköping, Malmö/
Lund, Stockholm, Umeå and Uppsala) and invited to a 
comprehensive examination as previously described.29 
In Umeå, 2508 participants were recruited between 
2016 and 2017, of which 2072 (83%) had previously 
participated in the NSHDS. The NSHDS is the umbrella 
term for three cohorts, the Västerbotten Intervention 
Programme (VIP), the MOnitoring of Trends and Deter-
minants in CArdiovascular Disease (MONICA) study 
and the Mammary Screening Programme (MSP). VIP 
and MONICA were initiated in the mid- 1980s and are 
ongoing studies, whereas MSP stopped recruiting in the 
mid- 1990s. For the purposes of this study, only partic-
ipants from VIP and MONICA were included as those 
in the MSP did not complete an OGTT. The VIP invites 
inhabitants turning 40, 50 and 60 years for a health survey 
and MONICA is performed every fifth year and invites 
a random sample of the population aged 25–75 years. 
The VIP and MONICA studies used similar methodology, 
questionnaires including living conditions, lifestyle and 
health, dietary intake (64–66 or 84- item FFQ), phys-
ical activity, anthropometry, blood pressure and blood 
sampling for analysis of lipids and glucose as previously 
described.30 Most participants in VIP and ~60% of the 
participants in MONICA had completed an OGTT after 
an overnight fast. In SCAPIS, a national protocol was 
followed with the focus on cardiopulmonary disease and 
its risk factors. In addition, an extensive questionnaire 
similar to the NSHDS questionnaire was used. For dietary 
intake, the FFQ Mini- Meal- Q was used. In SCAPIS, phys-
ical activity was evaluated by an accelerometer worn for 
1 week. In addition to the national protocol, in Umeå, 
most participants had an OGTT.

The subsample of 2072 participants that underwent 
OGTT in SCAPIS had at least one previous examination 
in NSHDS, of which 1271 had at least two examinations 
and 476 had at least three examinations, altogether 3891 
examinations, 94% in VIP, 3% in MONICA and 3% in 
MSP. This subsample with data and samples in NSHDS is 
hereafter referred to as pre- SCAPIS. The intervals between 
the first, second and third examinations in NSHDS and 
SCAPIS were 15.6, 9.0 and 5 years, respectively. At the 
first examination, 52% were women with a mean age 
of 42 years. The Swedish Ethics Authority approved the 
retrieval of data and samples from NSHDS (202105004) 
to perform biochemistry as described below (2023- 02731- 
01). The SCAPIS study and the local extension (OGTT) 
were approved by the Regional Ethics committee in Umeå 
(2010- 228- 31M and 2016- 151- 3).
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Harmonisation of data between cohorts
As this study includes an opportunistic comparison of 
three independent cohorts, standardised methods for the 
collection of phenotypic data were not uniformly applied 
across cohorts. Nonetheless, most of the analysis will be 
performed within each cohort and comparisons between 
cohorts will be made by including only those variables 
that are comparable. These include the metabolomic and 
proteomic data that will be performed in a central labo-
ratory (see below).

In terms of phenotypic data, for MASC and Pre- SCAPIS, 
fasting glucose was collected and a standard OGTT (75 
g anhydrous glucose) was administered, whereas for 
RODAM- Pros, only fasting blood glucose was measured. 
Accordingly, dysglycaemia based on fasting glucose will be 
comparable across all three cohorts, while dysglycaemia 
based on the 2- hour glucose tolerance will be comparable 
only between MASC and Pre- SCAPIS. Anthropometry 
(weight, height and waist circumference) was measured 
at all sites using standard techniques and calibrated 
equipment. Similarly, blood pressure was measured at all 
sites in a seated position after 5 min rest using calibrated 
automated monitors (Pre- SCAPIS from 2000). Quality of 
life was measured using the 12- item Short Form Survey 
(SF- 12) in all cohorts. Sociodemographic and lifestyle 
measures that are comparable between sites include age, 
marital status, ethnicity, education, employment status, 
smoking and alcohol intake. In addition, information on 
family history of T2D and medication use was recorded 
in all cohorts.

While FFQ has been used in all cohorts to capture 
dietary intake, these are different between cohorts, 
because they capture the usual intake of these different 
populations. To align with the goal of identifying ethnic- 
specific dietary strategies for T2D prevention and due to 
the fact that assessment instruments differed between the 
cohorts, the dietary analysis will be performed separately 
for each cohort. Physical activity has been assessed using 
both accelerometry25 and GPAQ31 in MASC, GPAQ in 
RODAM and the Cambridge Index32 in Pre- SCAPIS. For 
the qualitative aspect of the project, standard interview 
guides will be developed in consultation with researchers 
from all cohorts, but these will be culturally adapted and 
specific to each setting. All methods are provided in detail 
in the sections below.

For metabolomics and proteomics data generation, the 
same analytical platforms (Waters Select MRT LC- QTOF) 
for metabolomics and proteomics (Olink, Uppsala, 
Sweden) will be used for all cohorts, ensuring the same 
quality control (QC) measures and sensitivity. However, 
some differences in metabolite and protein profiles are 
expected due to differences in sample matrices (EDTA 
plasma for MASC and Pre- SCAPIS, and lithium heparin 
plasma for RODAM- Pros). Such systematic differences 
between EDTA and heparin plasma are currently being 
evaluated on the analytical platform. Metabolomics and 
proteomics data will be analysed separately for each 
cohort, and metabolites associated with dysglycaemia will 

be replicated across cohorts, accounting for systematic 
differences between sample matrices.

Omics associated with the development of dysglycaemia and 
dietary patterns related to candidate biomarkers (objectives 
1–3)
Study design
Within each cohort, a nested, case- control (1:1) design 
will be employed, analysing the baseline samples of inci-
dent cases and controls. Only participants with normal 
glucose tolerance (NGT) at baseline will be consid-
ered. Incident cases (those that develop dysglycaemia) 
and controls (those that remain NGT) will be matched 
based on age, sex and baseline BMI. Additionally, in the 
RODAM- Pros cohort, participants will also be matched 
based on site (rural, urban, Europe) and baseline fasting 
glucose concentrations.

Glycaemic status will be defined based on the Amer-
ican Diabetes Association criteria33 as follows: NGT: 
fasting glucose <5.6 mmol/L and 2- hour OGTT 
<7.8 mmol/L; impaired fasting glucose (IFG): fasting 
glucose 5.6–6.9 mmol/L; IGT: 2- hour post glucose load: 
7.8–11.0 mmol/L and T2D: fasting glucose ≥7 mmol/L 
and/or 2- hour postglucose load ≥11.1 mmol/L, or 
taking T2D medication. For MASC and Pre- SCAPIS, 
dysglycaemia will be defined as IFG and/or IGT or T2D, 
whereas for RODAM- Pros dysglycaemia will be defined as 
IFG or T2D based on the fasting glucose values.

Proteomic analysis
Proteomic analysis on baseline plasma samples will be 
performed with the multiplex immunoassays Olink 
Proseek Multiplex Metabolism, cardiovascular disease 
(CVD) II and CVD III panels (Olink, Uppsala, Sweden), 
measuring a total of 184 preselected protein biomarkers 
(www.olink.com/downloads). The method is based on 
proximity extension assay technology, and in each kit, 92 
oligonucleotide- labelled antibody probe pairs can bind to 
their respective targets in the sample. Within each cohort, 
all samples will be randomised across plates, and four 
internal controls will be added to each sample to monitor 
the quality of assay performance. Intracoefficient and 
intercoefficient of variance are based on control samples 
(pooled plasma samples) included on each plate. Data 
are presented as normalised protein expression values, 
Olink Proteomics’ arbitrary unit on Log2 scale (https://
www.olink.com/key-links/).

Metabolomic analysis
Targeted and untargeted metabolomics analyses will 
be conducted on baseline plasma samples from the 
three cohorts. Untargeted metabolomics will follow the 
approach described by Zheng et al.34 In brief, fasting plasma 
samples will undergo a simple protein precipitation step 
using methanol with a 1:9 ratio. Untargeted metabolomics 
analysis is performed using a high- performance liquid 
chromatography system (Waters Select MRT LC- QTOF) 
with reversed- phase (RP) and hydrophilic interaction 
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(HILIC) columns coupled with high- resolution mass 
spectrometry running in both modes in RP and only posi-
tive mode for HILIC. Quality assurance and analytical 
drift management are performed using study- specific QC 
and long- term QC samples injected regularly throughout 
each analytical batch. Untargeted metabolomics data will 
be preprocessed and analysed using in- house developed 
pipelines adapted to large- scale studies.35–37

Sample size estimation
We plan to include 600 participants (300 case/control 
pairs) per cohort in the studies related to the omics- 
related analyses (objectives 1–3). Sample size depends on 
different factors such as the minimum effect size to be 
detected, the estimated variability in the measurements, 
the desired statistical power, significance threshold and 
the test to be used for the analysis. In the case of omics 
such as metabolomics and proteomics, the traditional 
approaches for power estimations are not easily transfer-
able, since a very large number of variables are of interest 
(metabolite features and proteins), and they are all 
measured with unknown variability and most importantly, 
the expected effect size is unknown. For metabolomics 
and proteomics data, the estimation of variation will be 
highly dependent on cohort and hence, using pilot data 
may not provide estimations that are easily transferable to 
another study, and may thus give limited guidance with 
regard to sample size estimations. There are data- driven 
approaches to estimate sample size for omics studies,38–40 
but they have seldom been implemented for the reasons 
mentioned above. From simulations, it was shown that 
a sample size of 20–200 individuals, depending on the 
setting, was sufficient to see meaningful (small) differ-
ences in common metabolites between cases and controls 
with a power of 0.8.39 For proteomics, it has been shown 
that meaningful differences (2–3 SDs) in protein levels 
could be demonstrated in a case- control setting with 
a power of 0.8 among 50–250 case- control pairs.41 For 
multi- omics studies—where, for example, metabolomics 
and proteomics data are combined—there are currently 
few established methods for power estimation, due to 
challenges such as differing noise levels, dynamic ranges, 
etc. Similarly, multi- omics datasets are increasingly 
collected to develop sample class predictors applying 
machine learning methods. In this case, the classification 
error rate, rather than the significance value, is used to 
assess performance, which requires different approaches 
to estimate formal power.42 We have previously shown 
that such a sample size is sufficient to make meaningful 
targeted proteomic and metabolome- wide association 
analysis in the entire cohort to find metabolite signatures 
related to NGT, IGT and T2D.19 21 We have conducted a 
similar analysis in a corresponding Swedish nested case- 
control analysis of comparable sample size, where we 
identified metabolites associated with incident T2D (502 
case- control pairs) as well as their changes over a 10- year 
period in a subset (n=290). In addition, we identified 
markers related to insulin resistance and impaired glucose 

tolerance.19 We identified a total of 39 metabolites associ-
ated with incident T2D, 38 of which had been previously 
reported in other studies, demonstrating the feasibility of 
our approach and the adequacy of the sample size used.19 
Moreover, we identified metabolites linking specific 
dietary exposures—such as fish intake, coffee intake and 
adherence to a Nordic diet—to T2D risk.43 44 Given the 
challenges described—and considering that our datasets 
are larger than what has been suggested by separate power 
estimations for metabolomics and proteomics studies, as 
well as the meaningful and replicable findings observed 
in previous datasets of similar size (see above)—we are 
confident that the sample size is sufficient.

Data and statistical analysis
Protein and/or metabolite biomarkers that predict the development 
of dysglycaemia in the different cohorts (objective 1)
Within each cohort, participant characteristics will 
be reported after stratification by sex as mean (SD) or 
median (25th–75 percentiles) for normally distributed 
data and skewed data, respectively, and categorical vari-
ables will be reported as n (%). Differences between sex 
will be examined using a t- test, a Mann- Whitney U test 
and/or a χ2 test, respectively.

Cohort- specific z- scores will be calculated for all 
proteins and metabolites based on the raw score minus 
the population mean, divided by the population SD. This 
allows for direct comparisons of the magnitude of the 
effect sizes of each individual protein/metabolite across 
cohorts. Missing data will be excluded pairwise for all 
analyses. Significance will be set at p<0.05.

We will evaluate different multivariate approaches 
including random forest, orthogonal partial least squares 
discriminant analysis (OPLS- DA) and logistic regression 
along with an in- house developed multilevel partial least 
squares regression (PLS) approach19 to identify proteins, 
metabolites or metabolic pathways associated with inci-
dent dysglycaemia. The logistic models will explore any 
sex interactions and will be adjusted for confounding 
factors such as age, adiposity (BMI or waist circumfer-
ence), sociodemographic (education, occupation and 
markers of wealth) and lifestyle characteristics (alcohol, 
smoking, physical activity and energy intake), known 
diseases and medication use. The level of significance will 
be set at a false discovery rate of 5%.

Ethnic-specific and sex-specific algorithms for the early detection 
of dysglycaemia in European and SSA populations (objective 2)
Using the omics data and traditional risk factors for each 
cohort, we will develop ethnic- specific and sex- specific 
algorithms that predict incident dysglycaemia in SSA and 
European populations. L1- regularised Cox regression 
implemented with the least absolute shrinkage and selec-
tion operator algorithm (LASSO- Cox)45 46 (R package 
‘glmnet’) will be applied to identify a parsimonious set 
of ‘key’ predictors from the unique proteins and metabo-
lites selected in each cohort (objective 1), and traditional 
risk factors. Data will be auto- scaled prior to modelling. 
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To obtain a robust variable selection, the populations will 
be bootstrapped 200 times and subjected to LASSO- Cox 
modelling. The optimally selected variables will be ranked 
based on the frequency of their selection and considered 
‘key’ predictors if selected in, for example, ≥70% of the 
bootstrap samples. Traditional risk factors known to be 
associated with IGT and T2D risk will be considered. They 
are age, anthropometric measurements (ie, waist circum-
ference, weight and BMI), fasting biomedical measure-
ments (ie, plasma glucose, low- density lipid- cholesterol 
and high- density lipid- cholesterol, triglycerides and total 
cholesterol), lifestyle factors (ie, smoking status, physical 
activity). Separate and combined models with proteins 
and metabolites along with traditional risk factors will be 
created. Missing values in the traditional risk factors will 
be imputed using the R package ‘missForest’.

We will compare prediction performance between 
different panels of LASSO- Cox identified key predic-
tors: (i) with proteins only; (ii) with metabolites only, 
(iii) protein and metabolites only; (iv) with traditional 
risk factors only; (v) with the addition of key proteins to 
key traditional risk factors; (vi) with the addition of key 
metabolites to traditional risk factors; (vii) with combined 
predictors selected from the combined dataset of 184 
proteins, metabolite biomarkers and traditional risk 
factors. The performance of selected predictors will be 
assessed for men and women separately to account for 
potential differences due to sex. Harrell’s concordance 
index and 95% CIs will be computed for the selected 
predictors (R package ‘survival’ and ‘rms’) and H- indices 
will be compared across models. We will also assess the 
time- dependent area under the receiver operating char-
acteristic curves (AROCs) using the R package ‘riskse-
tROC’, to evaluate how well the selected predictors model 
dysglycaemia incidence in the dataset using an inci-
dent/dynamic definition of the ROC curve at different 
follow- up periods.

Dietary patterns that explain maximum variation in the biomarker 
profiles and associate with dysglycaemia among SSA and 
European populations (objective 3)
In this project, we aim to derive sex- specific and ethnic- 
specific dietary recommendations for the prevention of 
T2D. Therefore, the analysis of dietary data in relation 
to the identified candidate biomarkers will be performed 
for each cohort separately. Nonetheless, the data analysis 
will follow the same protocol using the food frequency 
data from the three cohorts. For MASC, a 7- day quanti-
tative food frequency questionnaire was used, consisting 
of 214 commonly eaten foods derived from analyses of 
11 dietary surveys conducted in rural and urban SA, as 
described previously.13 For the RODAM- Pros cohort, the 
Ghana- FPQ, capturing the usual intake of 134 food items 
in 30 food groups, was administered. For Pre- SCAPIS, a 
validated semi- quantitative FFQ was used, which initially 
consisted of 84 food items and since 1996 was reduced 
to 64–66 food items.47 We will employ the respective 
national nutrient databases to translate semi- quantitative 

food group intakes into energy intake, as well as nutrient 
intakes (carbohydrate, fat, protein, fibre, micronutrients). 
These include the West African Nutrient Database48 for 
RODAM- Pros, the South African food composition tables 
hosted by South African Medical Research Council49 for 
MASC and the national food composition database at the 
Swedish Food Agency (https://soknaringsinnehall.livs-
medelsverket.se/) for Pre- SCAPIS.

To identify the role of diet as a modifiable risk factor 
in the biomarker disease pathway, the food items will 
be grouped into common food groups in each cohort 
and then subjected to reduced rank regression (RRR). 
Through RRR, we will combine the exploratory nature 
of data- driven techniques of dietary pattern analysis 
(based on common food groups) with hypothesis- based 
approaches informed by the identified biomarker- disease 
associations (here: proteins and metabolites for dysgly-
caemia). RRR is a specific form of PLS analysis that maxi-
mises the variation in response variables (proteins and 
metabolites) through linear combinations of predictor 
variables (food group intakes). In each cohort, the 
participants will be assigned an RRR score that reflects 
the degree of adherence to this dietary pattern, that is, 
how strong an individual follows the identified dietary 
pattern. In the next step, we will calculate Cox regression 
models with age as the underlying timescale to determine 
the prospective associations of the baseline RRR dietary 
patterns with incident dysglycaemia. We will adjust for 
relevant lifestyle variables such as energy intake, physical 
activity, smoking and alcohol consumption, as well as for 
socio- economic variables, such as education, occupation 
and markers of wealth. Also, anthropometric measures 
will be considered in the final step of the models, as they 
might mediate the relationships between diet, biomarkers 
and dysglycaemia. The RRR- derived dietary patterns and 
the national food- based dietary guidelines will build the 
basis of ethnic- specific and sex- specific prototypes of 
dietary interventions in each country.

A comparative health economic analysis of strategies for the 
prevention of T2D (objective 4)
The health economic substudy focuses on a comparative 
cost- effectiveness analysis (CEA) between the partici-
pating countries, that is, Ghana (low), SA (medium) and 
Sweden (high), as well as migrant Ghanaians living in 
Germany (high), providing context at different stages of 
economic development. The CEA of the ethnic- specific 
and sex- specific prototypes of dietary intervention for 
T2D prevention for each country (objective 3) in combi-
nation with screening for T2D will be compared with 
two alternatives: (i) effects of sugar- sweetened beverages 
(SSB) tax and (ii) effects of both SSB tax and screening 
for T2D.

Normative principles applied in the health economic 
analysis are (a) cost- effectiveness and (b) availability, 
defined as the intervention capacity to reach those in 
need. Thus, we will adopt a population perspective 
and investigate the health benefits of the strategies and 
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determine whether the interventions influence the distri-
bution of health, namely whether they close or widen 
inequality gaps along factors such as income, rural- urban 
setting, education, and gender.

We hypothesise that the effectiveness of the strategies 
is largely determined by factors outside the healthcare 
system such as:

 ► The disposable household income spent on food.
 ► Whether the society can effectively implement T2D 

screening and/or taxes on SSB.
 ► The individual’s cost of participation in T2D screening. 

That includes loss of income during the screening, 
travel time and costs directly related to travel (eg, cost 
of tickets/taxi fares).

 ► If the population registration system is reliable and 
provides accurate information to healthcare providers.

The main data sources are the respective cohort 
studies (RODAM- Pros, MASC and Pre- SCAPIS) from the 
different countries. The analysis will primarily use data 
common to the three cohorts, such as SF- 12, to calculate 
quality- adjusted life years (QALY) weights, and rely on 
estimates informed by the secondary literature. Costing 
data sources will be context- specific.

The analysis will estimate the extent to which the 
different strategies can effectively reach the target groups 
in the four countries. This will be based on an analysis of 
the external factors outlined above, and secondary data 
on the outcomes of SSB taxes and screening for T2D in 
other contexts. We will model cost and QALYs gained 
for the segments of the population reached by the inter-
ventions, based on a previously published Markov model 
by Neumann et al22 to model T2D progression. To assess 
dietary lifestyle interventions and SSB taxes, the health 
effects of a changed diet will be modelled by relying on 
abstractions of dietary characteristics such as the amount 
of sugar consumed. Uncertainty will be assessed using 
probabilistic and scenario- based sensitivity analyses. The 
main outcome of the incremental cost- effectiveness 
analysis will be costs per QALY. To ensure comparability 
between the different countries, cost will be defined rela-
tively, in units of disposable household income or will be 
standardised using purchasing power parity. Stratified 
analyses will be used to assess health equity consequences.

The goal is to provide context- specific recommendations 
that consider each strategy’s capacity to improve outreach, 
reduce health gaps and achieve cost- effectiveness.

Perceptions regarding ethnic-specific and sex-specific dietary 
preventative strategies among at-risk European and SSA adults 
and healthcare providers (objective 5)
We will apply a user- centred and person- centred design 
and collaborate with patient organisations and social 
unions in Sweden, SA, Ghana and Germany (repre-
senting migrant Ghanaians as part of RODAM- Pros) (as 
described below in patient and public involvement) to get 
help to contextualise and culturally adapt semi- structured 
interview guides to be used among participants at risk 
for T2D. We will then perform focus group discussions 

(FGDs) with people at risk of T2D and in- depth inter-
views (IDIs) with healthcare providers (primary care 
nurses, dieticians and diabetes educators) in Sweden, SA, 
Ghana and Germany.

Two FGDs for both men and women (four in total), 
including 8–10 participants per focus group, will be 
hosted in each setting. Participants with impaired 
glucose metabolism (fasting glucose: 6.1–7 mmol/L or 
2- hour glucose: 7.8–11.1 mmol/L during an OGTT) will 
be recruited from the Pre- SCAPIS and MASC cohorts. 
In both Ghana and Germany, participants >40 years of 
age who are living with obesity (BMI >30 kg/m2) and 
have a family history of T2D will be recruited from the 
Diabetes Center of Komfo Anokye Teaching Hospital in 
Kumasi and from community centres and faith organi-
sations in Germany, respectively. IDIs will be conducted 
with 8–15 healthcare providers from each country. In 
the interviews, acceptability and general willingness 
to participate in targeted dietary strategies to prevent 
T2D will be the focus among at- risk participants, while 
person- centred care and goal- centred approaches23 50 
will be the focus among the healthcare providers. The 
interviews will follow a culturally adapted semi- structured 
interview guide that is specific to each setting. The 
interview guide is based on earlier research such as the 
Theoretical Framework of Acceptability (TFA),51 but the 
interviews strive to be inductive, where the participants’ 
agendas and experience are the focus. The TFA systemat-
ically assesses how participants and healthcare providers 
perceive interventions, considering attitudes, beliefs 
and expectations about dietary changes for preventing 
dysglycaemia. It addresses practical aspects like perceived 
burden (time, effort, resources), ethical considerations 
and opportunity costs. The framework identifies barriers 
and facilitators pre- intervention, guiding adjustments for 
optimal effectiveness. Considering cultural and contex-
tual factors ensures interventions are sensitive and appro-
priate. Overall, the framework informs decision- making 
by assessing stakeholders' perspectives, crucial for effec-
tive intervention implementation. Interviews will be 
digitally recorded, transcribed verbatim, translated into 
English when needed and analysed inductively using 
qualitative content analysis52 by qualitative researchers 
in the team. To ensure trustworthiness, triangulation 
of parts of the data analysis from each country will be 
performed, where coding and categorisation of original 
texts will be discussed from different perspectives and in 
relation to the various contexts. This will be an iterative 
process where every person involved in the analysis will 
contribute.

Patient and public involvement
Patient and public involvement within SA, Ghana, 
Germany and Sweden will be through diabetes organisa-
tions, and through interactions with health professionals 
(dieticians, nurses, diabetes educators) and patients 
linked with clinical and community health facilities. The 
diabetes organisations in SA are represented by Sweet 
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Life, Diabetes South Africa, Diabetes Education Society 
of South Africa and the Society for Endocrinology, 
Metabolism and Diabetes in South Africa. In Ghana and 
Germany, we collaborate with the Ghana Academy of 
Nutrition and Diabetics and the Ghana Women Associ-
ation, respectively. Sweden is represented by local repre-
sentatives of the Swedish Diabetes Association.

These regional groups will be invited in accordance 
with the person- centred design of the FGDs (objective 5). 
Person- centred usability methods can identify important 
issues and information that can enhance the participants’ 
experience and thereby improve the quality of study tools, 
and also facilitate implementation on a larger scale. In 
the development of interview guides, reference groups of 
participants from patient organisations will be included. 
They will also be requested to respond to possible ques-
tions during the analytic process as well as comment on 
the result and its interpretation before it is published. In 
case of later implementation of self- management support 
on a larger scale, possibly in a digital form, these refer-
ence groups will be invited again to inform about their 
view on usability.53

ETHICS AND DISSEMINATION
Ethical clearance to complete the omics- related and 
dietary- related analyses (objectives 1–3) has been 
obtained for each site, as outlined in the cohort descrip-
tions. Ethical clearance for the focus group discussions 
(objective 5) will be obtained from the Health Research 
Ethics Committees at each site prior to participant recruit-
ment. Before participation in the research trial, all partic-
ipants will provide written informed consent.

Data will be adequately pseudonymised to ensure that 
individuals cannot be identified within the dataset. All 
data will be stored on secure, encrypted and password- 
protected servers at each participating institution, with 
appropriate backup protocols in place. This study will 
adhere to the highest international information/data 
security standards including ISO/IEC 27018:2019, 
and ISO/IEC 27040:2015, which are in place at all the 
research sites, and continuously reviewed/revised based 
on current international practice. Prior to sending any 
samples or data, material transfer agreements and data 
transfer agreements will be signed between the four 
partner organisations. Data will then be transferred 
via a secure data link to the BIANCA cluster within the 
National Academic Infrastructure for Supercomputing in 
Sweden- Sensitive Data, hosted by Linköping University. 
This national computing resource is specifically designed 
for the management, storage and analysis of sensitive 
(personal) data, with access limited to authorised project 
members only. All analysis will be conducted within 
BIANCA, with only the output data exported.

The results of the study will be disseminated through 
scientific conferences and journal publications, as well as 
via community engagement events and diabetes organ-
isations in the respective countries. Once published 

(including preprints), non- sensitive data will be made 
available in anonymised and aggregated form on reason-
able request. Unpublished data will be available for 
sharing 3 years after the completion of the grant period 
(ie, from 2030). Access will be governed by the joint 
agreement of all project partners and in accordance with 
GDPR regulations.
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