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Abstract
Dietary guidelines are increasingly promoting mostly plant-based diets, limits on red meat consumption, and plant-based sources of protein for
health and environmental reasons. It is unclear how the resulting food substitutions associatewith insulin resistance, a risk factor for type 2 diabetes.
Wemodelled the replacement of red and processed meat with plant-based alternatives and the estimated effect on insulin sensitivity. We included
783 participants (55 % female) from the ChildhoodDeterminants of Adult Health study, a population-based cohort of Australians. In adulthood, diet
was assessed at three time points using FFQ: 2004–2006, 2009–2011 and 2017–2019. We calculated the average daily intake of each food group in
standard serves. Insulin sensitivity was estimated from fasting glucose and insulin concentrations in 2017–2019 (aged 39–49 years) using
homoeostasis model assessment. Replacing red meat with a combination of plant-based alternatives was associated with higher insulin sensitivity
(β= 10·5 percentage points, 95% CI (4·1, 17·4)). Adjustment for waist circumference attenuated this association by 61·7%. Replacing redmeat with
either legumes, nuts/seeds orwholegrainswas likewise associatedwith higher insulin sensitivity. Point estimateswere similar but less precisewhen
replacing processed meat with plant-based alternatives. Our modelling suggests that regularly replacing red meat, and possibly processed meat,
with plant-based alternatives may associate with higher insulin sensitivity. Further, abdominal adiposity may be an important mediator in this
relationship. Our findings support advice to prioritise plant-based sources of protein at the expense of red meat consumption.
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Diabetes is a chronic disease marked by elevated levels of blood
glucose(1). In 2021, the global prevalence of diabetes for adults
aged 20–79 years was 10·5 % (537 million)(2). Type 2 diabetes,
which accounts for> 90 % of cases, exerts a major economic,
mortality and morbidity burden worldwide(2). The risk of
developing type 2 diabetes can be greatly reduced bymodifiable
risk factors such as avoiding adiposity – a principal risk factor,
not smoking, being physically active, and following established
principles of healthy eating(3,4).

Advice to consume plant foods such as fruit and vegetables is
fundamental to most dietary guidelines(5). However, explicitly
encouraging a shift towards a more plant-based eating pattern
for health and environmental reasons(6) is a relatively recent

trend. The term ‘plant-based’ generally refers to an eating pattern
that prioritises plant foods (fruit, vegetables, cereals, legumes,
nuts and seeds) while moderating – without necessarily
excluding – animal foods (meat, eggs, dairy products and
seafood)(7). National dietary guidelines are starting to seriously
consider health and environmental concerns when formulating
recommendations(8,9). Several of which explicitly promote a
plant-based eating pattern and limited red meat intake (e.g.
Brazil(10) and Denmark(11)). When discussing sources of protein,
dietary guidelines(12) and health organisations(13,14) may also
preferentially encourage plant foods such as legumes, nuts,
seeds and certain plant-derived products (e.g. tofu and
soya ‘milk’).

* Corresponding author: J. P. Goode, email james.goode@utas.edu.au

Abbreviations: CDAH, Childhood Determinants of Adult Health; HOMA2, homoeostasis model assessment version 2.2.

British Journal of Nutrition (2024), 131, 1084–1094 doi:10.1017/S0007114523002659
© The Author(s), 2023. Published by Cambridge University Press on behalf of The Nutrition Society. This is an Open Access article, distributed
under the terms of the Creative Commons Attribution licence (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use,
distribution and reproduction, provided the original article is properly cited.

https://doi.org/10.1017/S0007114523002659 Published online by Cam
bridge U

niversity Press

mailto:james.goode@utas.edu.au
https://doi.org/10.1017/S0007114523002659
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S0007114523002659&domain=pdf
https://doi.org/10.1017/S0007114523002659


In three large cohorts of American adults, higher habitual
intake of red and processed meat(15), including an increase over
time(16), was associated with elevated type 2 diabetes risk. In
substitution analyses performed in the same cohorts(15) and
others(17,18), modelling the replacement of red and processed
meat with nuts or wholegrains predicted reduced type 2 diabetes
risk – even after accounting for adiposity. Favourable associa-
tions were also found for legumes, but estimates were less
precise and often explained by lower adiposity(17,18).

Insulin resistance, where cells become less sensitive to the
glucose-regulating effects of insulin(19), typically marks the first
stage in the pathogenesis of type 2 diabetes(20). Several
observational studies(21,22), but not all(23,24), report a positive
association between the intake of protein from animal sources
and insulin resistance. At the food group level, however, the
longitudinal relationship between red and processed meat and
insulin resistance is unclear. One large cross-sectional study
found a positive association between total and processed meat
intake and insulin resistance in adults, with BMI explainingmuch
of the relationship(25). The contribution of red meat, which has
been implicated in other cross-sectional studies(26,27), was not
directly examined or modelled relative to other foods.

In nutritional epidemiology, investigations of single-food
relationships often control for total energy intake to mitigate
confounding(28); however, in the absence of a comparison food,
this can introduce a poorly defined substitution with other
energy-providing foods from the background diet. To better
understand the health merits of emphasising v. limiting a
particular food choice, it is necessary to specify a comparator
when modelling diet–disease relationships (e.g. what should be
consumed instead of red meat?)(29).

Given the growing promotion of plant-based eating patterns,
coupled with advice to limit red and processed meat intake and
favour plant-based sources of protein, it is important to
understand how the resulting food substitutions associate with
insulin resistance, a risk factor for type 2 diabetes. Compared
with single-food analyses, substitution analyses specify a
replacement food, making them simpler to interpret and
translate into actionable recommendations. Cohort studies with
repeated-measures of diet are needed to capture long-term
eating patterns. Therefore, we used dietary data collected
periodically over a 13-year period and statistical modelling to
estimate the substitution effect of replacing red and processed
meat with plant-based alternatives on insulin sensitivity in a
cohort of Australian adults.

Methods

Study population

The Childhood Determinants of Adult Health (CDAH) study is a
mixed-sex cohort of Australians(30). Participants were sourced from
the 1985 Australian Schools Health and Fitness Survey, a nationally
representative sample of schoolchildren aged 7–15 years(31). The
follow-up of successfully traced and enrolled participants has
occurred at three time points in adulthood: CDAH-1 (2004–2006),
CDAH-2 (2009–2011) and CDAH-3 (2014 and 2017–2019).
Participants self-administered questionnaires at each time point.

They also attended a clinic at CDAH-1 and CDAH-3 for physical
measurements and blood sampling. Fig. 1 provides an overview of
data collection. Informed consent was obtained in writing from all
participants. The CDAH study and its adult follow-ups were
approved by the University of Tasmania’s Human Research Ethics
Committee.

Participant selection

The analysis sample was restricted to participants who
completed questionnaires at CDAH-1 and CDAH-3 and provided
a fasted blood sample at CDAH-3 (n 1081). As the laboratory
provider differed between CDAH-1 and CDAH-3, only CDAH-3
blood samples were considered to minimise potential meth-
odological variation in insulin values. CDAH-3 blood samples
from 2014 (n 177) were also omitted because the insulin assay
differed to the one used in 2017–2019. We excluded participants
with≥ 10 % of FFQ items left blank, incomplete information on
dietary habits necessary to calculate the Dietary Guideline Index
score(32), or an International Physical Activity Questionnaire that
did not comply with accepted data cleaning and analysis
procedures(33).We further excluded participants with a history of
type 1 or 2 diabetes at CDAH-1, a fasting plasma glucose
≥ 7 mmol/l or use of glucose-lowering medication at CDAH-3,
and an improbable estimate of energy intake (i.e.> 1·5 ×
interquartile range above the third quartile or below the first
quartile by sex). After applying exclusion criteria, 783 partic-
ipants remained. Of these participants, 473 (60·4 %) also had
valid dietary and physical activity data at CDAH-2. No females
were pregnant at CDAH-3 blood sampling. A participant flow
chart is shown in Fig. 1.

Assessment of exposure

A qualitative FFQ with 127 food and beverage items evaluated
dietary intake and habits over the previous 12 months(34). This
FFQ is an adapted version of the one used in the 1995 National
Nutrition Survey(35) andwas originally developed using weighed
food records in an ethnically diverse Australian population(36).
Participants reported their average frequency of consumption
for each item using a nine-point scale, ranging from ‘never or less
than once/month’ to ‘6 or more times/d’. This scale was
converted to daily equivalents for analyses. No consumptionwas
assumed for items left blank. Portion size information was not
specified. The list of items was expanded to 128 at CDAH-2 and
132 at CDAH-3 to reflect changes in the Australian food system
over time. Information was also collected on dietary habits such
as the type of milk usually consumed. Our method for estimating
energy intake has been described previously(34). In brief, sex-
specific portion sizes were assigned to items using 24-h dietary
recall data from the 2011–2012 Australian National Nutrition and
Physical Activity Survey, alongside energy composition values
primarily from the Australian Food Composition Database
(Release 1). Total energy intake was estimated by multiplying
the frequency of consumption of each item by the energy
content of its corresponding portion size and then summing.
Alcohol intake (as ethanol) was estimated using the same
approach. The intake of each item in g/d was similarly estimated
using its frequency of consumption and assigned portion size.
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The food groups of interest were red meat, processed meat,
legumes, nuts and seeds, and wholegrains, with component
foods specified in Table 1. The Australian dietary guidelines
recommend a maximum red meat intake of 455 g/week, limiting
the intake of processedmeat, and list legumes, nuts, and seeds as
alternatives to meat(37). We included wholegrains because their
substitution for red and processed meat has been previously
associatedwith reduced type 2 diabetes risk(15,16). The g/d intake
of each food group (or component food) was scaled to the
standard serve sizes used in the Australian dietary guidelines(37)

(Table 1). We estimated the meat component of mixed dishes
using the recipe file from the 2011–2013 Australian Food and

Nutrient Database(38). This allowed us to gauge the average
proportion of meat from a selection of common recipes.

Assessment of outcome

Participants attended a clinic following an overnight fast of at
least 8 h. A phlebotomist collected blood from the antecubital
vein. Serum insulin was measured using an electrochemilumi-
nescence immunoassay (Modular Analytics E170, Roche) and
reported to the nearest integer. This assay was standardised to
the 1st International Reference Preparation for human insulin
(coded 66/304) and had negligible cross-reactivity with

1985 ASHFS
(aged 7–15 years)

n 8498

Traced participants
2001–2002
n 6838

CDAH study enrolment 
2001–2005
n 5174

Analysis sample
n 783

Full participation at
CDAH-1 & CDAH-3

n 1081

CDAH-1
2004–2006

3998 participated 
(aged 26–36 years)

Questionnaires 
(incl. FFQ & IPAQ)

Clinic & blood sample

CDAH-2
2009–2011

3038 participated
(aged 31–41 years)

Questionnaires 
(incl. FFQ & IPAQ)

CDAH-3
2014 & 2017–2019

3142 participated
(aged 36–49 years)

Questionnaires 
(incl. FFQ & IPAQ)

Clinic & blood sample

Overview of data collection in the CDAH study

1660 not traceable

83 deceased
574 no response
766 declined
241 overseas

2 withdrew enrolment
25 deceased
728 enrolment only
3130 incomplete participation
177 different insulin assay in 2014
14 missing glucose or insulin value
17 non-fasted blood sample

22 missing FFQ items (≥ 10%)
100 missing DGI score
127 invalid IPAQ
4 history of diabetes at CDAH-1
10 glucose ≥ 7 mmol/L at CDAH-3
8 diabetes medication at CDAH-3
27 improbable energy intake 

  Median follow-up duration of 13 years  

Fig. 1. Participant flow chart and overview of data collection. ASHFS, Australian Schools Health and Fitness Survey; CDAH, Childhood Determinants of Adult Health;
DGI, Dietary Guideline Index; IPAQ, International Physical Activity Questionnaire. Participants self-administered questionnaires at each time point and attended a clinic
at CDAH-1 and CDAH-3 for physical measurements and blood sampling. Some participants did not complete all elements of data collection (incomplete participation).
For example, a participant may have completed all questionnaires but failed to attend a clinic at CDAH-3. History of diabetes at CDAH-1 excluded cases of gestational
diabetes.

Table 1. Standard serve sizes and component foods of each food group of interest

Food group Standard serve (g) Component foods*

Red meat 65 Mixed red meat dishes (e.g. casserole or stir-fry)†; beef or veal; mince dishes; lamb; hamburger†;
pork; other offal (e.g. kidneys)

Processed meat 65 Ham or bacon; luncheon meats or salami; sausages; meat pie, sausage roll, or other savoury pas-
tries†; liver (incl. pâté)

Legumes 75‡ Peas; green beans; soya beverages; other beans or lentils; baked beans; soyabeans or tofu
Nuts and seeds 30 Almonds, walnuts, or hazelnuts; cashews; peanut butter or other nut spreads; seeds (pumpkin, ses-

ame, pine nuts or tahini); other nuts or seeds; peanuts; pistachio; coconuts
Wholegrains 40, bread; 30, muesli;

120, porridge
Wholemeal or mixed grain bread; muesli; cooked porridge

* Component foods are arranged in descending order from most to least frequently consumed within each food group.
† The meat component was estimated using the recipe file from the 2011–2013 Australian Food and Nutrient Database.
‡ The standard serve for soya beverages was 250 g.
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pro-insulin. Insulin was converted from μU/ml to pmol/l using
the manufacturer’s conversion factor of 6·945. Plasma glucose
(mmol/l) was measured enzymatically using the hexokinase
method (Siemens ADVIA 2400, Siemens Healthineers). The
laboratory provider participated in the Royal College of
Pathologists of Australasia Quality Assurance Programs.

We estimated insulin sensitivity from fasting glucose and
insulin concentrations at CDAH-3 using homoeostasis model
assessment version 2.2 (HOMA2)(39). Insulin values below the
acceptable range (6·5 %of total) were truncated to the lower limit
of 20 pmol/l. HOMA2 is calibrated to give a ‘normal’ insulin
sensitivity of 100 %; however, between population comparisons
are complicated by differences inmethodological factors such as
choice of insulin assay(40). When reporting the regression
coefficient for insulin sensitivity from analyses, we refer to a
change in percentage points rather than a percentage change. A
higher insulin sensitivity indicates a lower degree of insulin
resistance (i.e. cells are more responsive to the glucose-
regulating effects of insulin).

Assessment of other covariates

Participants self-reported information on demographics, medical
history and lifestyle behaviours using a questionnaire(30). The
long form version of the International Physical Activity
Questionnaire(41) assessed the frequency, duration and intensity
of all physical activities performed over the last week. Total
physical activity was expressed as the metabolic equivalents
(MET-h/week)(33). As a measure of overall diet quality, a
modified Dietary Guideline Index score was derived from
FFQ responses to determine the level of compliance with the
2013 Australian dietary guidelines(32). Scoring components that
had substantial overlap with substituted food groups were
removed (online Supplementary Table S1). Scores can range
from 0 to 80. A higher score indicates better compliance with
dietary recommendations. All questionnaires were supplied as
hard copies to participants at CDAH-1 and CDAH-2, with a small
proportion completed via computer-assisted telephone inter-
viewing. Electronic questionnaires were introduced at CDAH-3,
with 96 % of participants choosing this completion method. At
clinics, technicians measured weight to 0·1 kg using portable
scales (Heine) and height to 0·1 cm using a stadiometer (Invicta).
BMI was calculated as weight (kg) divided by height (m)
squared. Waist circumference (cm) was taken at the narrowest
point between the iliac crest and the last palpable rib in the mid-
axillary line.

Statistical analyses

The average intake of each food group was calculated using
available time points to reflect habitual consumption. We
adopted the partition modelling approach for our substitution
analysis(42). This involved the use of ordinary least squares
regression to estimate the effect of replacing one food groupwith
another by including each in the model simultaneously, along
with potential confounders, Dietary Guideline Index score and
energy intake. Food groups not involved in a particular
substitution were omitted (i.e. no mutual adjustment). Our
model initially specified a 1 serve/d lower intake of red or

processed meat with a concurrent 1 serve/d higher intake of
legumes, nuts and seeds, or wholegrains. The difference
between parameter estimates (i.e. regression coefficients and
variances) and their covariance were used to estimate the
‘substitution’ effect, as detailed elsewhere(42). We also halved the
standard serve size of each food group listed in Table 1 to
examine more modest substitutions. HOMA2 insulin sensitivity
was log-transformed for analyses to improve test characteristics
such as normality(43). Model assumptions were checked by
visual inspection of residual plots.We found no clear evidence of
departures from linearity. This was also confirmed by categoris-
ing the food groups being substituted (using evenly spaced cut
points) and then comparing regression coefficients at different
levels of intake.

Based on putative risk factors for type 2 diabetes in
Australia(44), analyses were adjusted for potential confounders,
including sex (male or female), age at blood draw (years),
highest education at CDAH-1 (university, vocational or school),
smoking status at CDAH-3 (current, former or never), physical
activity (MET-h/week), parental history of diabetes (yes, no or
unknown), use of hormonal contraceptives at CDAH-3 (yes or
no), use of blood pressure or cholesterol-lowering medication at
CDAH-3 (yes or no), energy intake (kJ/d), alcohol intake (g/d)
and Dietary Guideline Index score (0–100). We adjusted for
educational attainment (a dimension of socio-economic status)
at CDAH-1 because it might better reflect early-life influences on
lifestyle behaviours in the period leading up to outcome
assessment. The average was calculated for continuous
covariates evaluated at multiple time points, with physical
activity, energy intake and alcohol intake further categorised into
fifths using quintiles to minimise the influence of outliers.

To improve the precision of point estimates, food groups
were also collapsed into two categories for analyses: (1) red and
processed meat; and (2) plant-based alternatives (legumes, nuts
and seeds, and wholegrains). As Australian men report a higher
intake of red and processed meat than women(45), we fitted
interaction terms between each food group in the substitution
and sex but found no substantive evidence of effect-measure
modification. Thus, males and females were analysed together.
Since the association between red and processed meat and type
2 diabetes risk may be partially mediated by adiposity(15,16), we
adjusted for waist circumference (cm) at CDAH-3 in a separate
model. The difference between models was quantified as
1 − (βsubstitution effect adjusted for adiposity/βsubstitution effect). Waist
circumference, a surrogate measure of abdominal adiposity,
usually has a similar or stronger association with incident type 2
diabetes than BMI(46).

We performed a series of sensitivity analyses. First, we
adjusted for all other energy-providing food groups (in g/d)
rather than energy intake and Dietary Guideline Index score.
These include fruit, vegetables, tea and coffee, fruit and
vegetable juices, salad dressings, refined grains, milk, yogurt,
cheese, eggs, seafood, poultry, sugar-sweetened beverages,
artificially sweetened beverages, takeaway foods, and mixed
discretionary foods (online Supplementary Table S2). This ‘all-
components model’ was developed using a causal inference
framework by Tomova et al. and has been proposed as a more
robust modelling strategy(47,48), the details and implications of
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which are still being discussed in relation to current practices(49–
51). Second, we excluded participants with a self-reported history
of CVD, hypertension, hypercholesterolaemia or polycystic
ovary syndrome at CDAH-1 because these health conditions
may have prompted diet and lifestyle changes, possibly resulting
in reverse causation bias. Third, we excluded participants who
reported< 0·3 serve/d of red meat or plant-based alternatives to
assess the influence of infrequent and non-consumers. Lastly, we
performed an inverse probability weighting procedure to
mitigate any possible bias due to differential loss to follow-up,
as described previously(52). We identified participant character-
istics from the 1985 Australian Schools Health and Fitness
Survey that were associated with loss to follow-up (online
Supplementary Table S3). Multiple imputation accounted for
missing values among participant characteristics using fully
conditional specification models to impute fifty datasets (under
themissing at random assumption). For each dataset, amodel for
the probability of being included in the analysis sample was fit
and each participant was then assigned a weight corresponding
to the inverse of their probability of being included. Our analysis
was repeated using the weights derived from each imputed
dataset. Regression coefficients were averaged across analyses
to provide a final point estimate. The accompanying standard
error was estimated using Rubin’s rules. The characteristics of
participants from the Australian Schools Health and Fitness
Survey, the CDAH study and our analysis sample are compared
in Supplementary Table S3.

Statistical analyses were performed using Stata 17
(StataCorp.). The command xtile ranked participants into
categories using quantiles as cut points(53). We present two-
tailed P-values and interpret them as a continuous measure of
compatibility between our data and a test hypothesis of no
association(54).

Results

The median follow-up duration between questionnaire com-
pletion at CDAH-1 and CDAH-3 was 13 years (range, 11–14·5
years). Participant characteristics of the overall analysis sample
and by joint stratification of exposure intake categories are
shown in Table 2. Dietary characteristics are likewise shown in
Table 3. Participants with a higher intake of plant-based
alternatives (and a lower intake of red and processed meat)
were more often female, university-educated, a non-smoker and
not taking blood pressure or cholesterol-lowering medication.
They also tended to have had a much lower BMI and waist
circumference, and higher estimates of insulin sensitivity.
Regarding habitual diet across the follow-up period, participants
with a higher intake of plant-based alternatives (and a lower
intake of red and processed meat) also had a lower intake of
energy and alcohol, and better compliance with the Australian
dietary guidelines. When stratified by sex, however, energy
intake was similar across categories (data not shown). Other
notable differences in habitual diet include higher intakes of
fruit, vegetables, tea and coffee, and yogurt, and lower intakes of
refined grains, milk, poultry, and sugar-sweetened beverages
(online Supplementary Table S4).

There was a negative correlation between the intake of plant-
based alternatives and red and processed meat (r = –0·17,
P< 0·001). There was also a positive correlation between the
intake of red meat and processed meat (r= 0·42, P< 0·001).
Overall, the intake of plant-based alternatives (legumes, nuts and
seeds, and wholegrains) and red and processed meat remained
relatively stable in the analysis of sample across the three time
points (online Supplementary Table S5). This is excepting nuts
and seeds, which increased from 0·3 serve/d at CDAH-1 to 0·7
serve/d at CDAH-3.

The results of our confounder-adjusted substitution
analyses are presented in Table 4, alongside unadjusted
results for comparison purposes. Replacing red meat with
legumes, nuts and seeds, or wholegrains was associated
with higher insulin sensitivity. The substitution involving
nuts and seeds had the largest point estimate. Collapsing
individual food groups into a combined plant-based alter-
natives category produced a similar result, but with a narrower
CI. Replacing processed meat with legumes, nuts and seeds, or
wholegrains was also associated with higher insulin sensitivity;
however, while point estimates were similar, CI were much
wider. Further, collapsing individual food groups into a
combined plant-based alternatives category had little impact
on the width of CI. Combining red and processed meat into
the same category yielded similar results to the substitution
involving only red meat, but with slightly smaller point
estimates and narrower CI. When back-transformed from the
logarithmic scale, replacing 1 serve/d of red meat with 1 serve/
d of plant-based alternatives was associated with a higher
estimate of insulin sensitivity (β = 10·5 %, 95 % CI (4·1, 17·4)).
The associations with higher insulin sensitivity persisted after
halving the modelled replacement of 1 serve/d to 0·5 serve/d
for each food group (online Supplementary Table S6). Results
were virtually unchanged when adjusting for the original
Dietary Guideline Index score (as opposed to a modified score
with components removed that had substantial overlap with
substituted food groups).

The results of our sensitivity analyses are presented in
Supplementary Table S7. In these analyses, we specified a 1
serve/d lower intake of red meat with a concurrent 1 serve/d
higher intake of plant-based alternatives. Further adjustment
for waist circumference attenuated the point estimate by
61·7 %, eliminating most of the prior association with higher
insulin sensitivity. Use of the all-components model moder-
ately attenuated the point estimate, but the association with
higher insulin sensitivity remained. In this case, further
adjustment for waist circumference attenuated the point
estimate by 41 %. Of note, when comparing our original model
to the all-components model, the inclusion of waist circum-
ference resulted in nearly identical parameter estimates. The
exclusion of participants with a health condition at CDAH-1,
or those who typically consumed < 0·3 serve/d of red meat or
plant-based alternatives, did not appreciably change our
results. Similarly, the association with higher insulin sensitivity
remained after applying our inverse probability weighting
procedure, but doing so slightly attenuated the point estimate
and widened the CI.
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Discussion

In our substitution analyses, modelling the replacement of red
meat with legumes, nuts and seeds, or wholegrains (or a
combination thereof) was associated with higher insulin
sensitivity in Australian adults. Similar but less precise estimates
were found for processed meat. When replacing red meat with a
combination of plant-based alternatives, waist circumference
strongly attenuated the association with higher insulin
sensitivity.

We advance prior evidence from cross-sectional studies
associating red and processed meat intake with surrogate
markers of insulin resistance(25–27) by modelling average intakes
over a 13-year period and suitable replacement foods of public
health interest. Our findings complement a substitution analysis
by Ley et al., where exchanging red and processed meat for nuts
or legumes was linked with lower levels of fasting insulin(55). We
estimated our substitution effects by comparing average intakes
rather than active changes. However, our results are consistent
with substitution analyses that modelled longitudinal changes in
red meat intake and subsequent risk of type 2 diabetes(56,57).
While a confirmatory randomised controlled trial would be ideal,
numerous logistical challenges hinder the completion of multi-
year trials(58). Instead, we present data from a long-term cohort
study – the next best line of evidence.

In Western populations, red and processed meat intake is
consistently associated with type 2 diabetes risk(59,60), with a
stronger effect for processed meat. However, our substitution
effects for processed meat were similar (and much less precise)
relative to red meat. The reason for this similarity and lack of
precision is unclear, but possible explanations include a narrow
distribution of processed meat intake, underreporting, portion
size errors and insufficient statistical power. Nonetheless, our
results agree with several substitution analyses that examined
red and processed meat and type 2 diabetes risk(15,17,18).

We scaled substituted foods using standard serves to aid
interpretation, but these may not reflect typical portion sizes(61).
In Australia (2011–2012), the median adult portion size of red
meat was 75 g at lunch and 104 g at dinner, and about 140–160 g
when choosing steak(62). We initially modelled a 1 serve/d (65 g/
d) lower intake of red meat but also found a favourable
association with insulin sensitivity when substituting 0·5 serve/d.
Thus, when replaced with specific plant foods, even modest
reductions in red meat may contribute to lower type 2 diabetes
risk, as found recently(63). For context, some authorities
advise< 350 g/week of red meat for health(13) and environmen-
tal reasons(64,65), but in Australia, 59 % of men and 33 % of
womenmay regularly exceed 455 g/week(45). Lowering redmeat
intake could be achieved by reducing portion sizes, designating

Table 2. Characteristics of the overall analysis sample (n 783) and by joint stratification of exposure intake categories at CDAH-3*

Characteristic

Overall Low-high Middle High-low

n % n % n % n %

Sex (female) 428 54·7 28 27·7 61 64·9 79 73·8
Mean SD Mean SD Mean SD Mean SD

Age (years) 44·5 2·6 44·4 2·4 44·5 2·7 44·3 2·6
n % n % n % n %

Highest education at CDAH-1
University 414 52·9 31 30·7 49 52·1 73 68·2
Vocational 213 27·2 44 43·6 28 29·8 22 20·6
School 156 19·9 26 25·7 17 18·1 12 11·2

Smoking status
Never 516 65·9 63 62·4 59 62·8 68 63·6
Former 207 26·4 28 27·7 29 30·9 35 32·7
Current 60 7·7 10 9·9 6 6·4 4 3·7

Median IQR Median IQR Median IQR Median IQR
Physical activity (MET-h/week)† 46 30–67 53 37–74 45 31–61 48 30–68

Mean SD Mean SD Mean SD Mean SD

BMI (kg/m2) 27·1 5·0 29·0 5·3 27·2 4·6 24·9 4·0
Waist circumference (cm)§ 87·9 12·8 94·4 12·4 87·2 11·6 82·4 10·7

n % n % n % n %
Parental history of diabetes 60 7·7 8 7·9 9 9·6 4 3·7
Hormonal contraceptive use 114 14·6 11 10·9 19 20·2 13 12·2
Current medication use‡ 42 5·4 11 10·9 4 4·3 2 1·9

Mean SD Mean SD Mean SD Mean SD

Plasma glucose (mmol/l) 4·7 0·4 4·8 0·4 4·8 0·5 4·7 0·4
Median IQR Median IQR Median IQR Median IQR

Serum insulin (pmol/l) 42 28–56 49 31–69 42 28–56 28 21–49
HOMA2 insulin sensitivity (%) 122 84–172 96 67–154 116 82–172 166 101–229

CDAH, childhood determinants of adult health; HOMA2, homoeostasis model assessment version 2·2; IQR, interquartile range; MET, metabolic equivalents.
* Participants were jointly stratified by opposing thirds of intake of: (1) plant-based alternatives; and (2) red and processed meat: lowest third of alternatives and highest third of meat
(low-high, n 101), middle third of both alternatives andmeat (middle, n 94), and highest third of alternatives and lowest third of meat (high-low, n 107). Participant data for the other six
joint categories are not shown.

† Average across available time points (CDAH-1 and CDAH-3, and if available, CDAH-2). Overall, 515 participants (65·8%) also had physical activity data at CDAH-2.
‡ Current use of either blood pressure or cholesterol-lowering medication.
§ n 781 due to missing data.
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certain meals as meat-free or partial replacement with other
foods. Certain food substitutions are applicable to a single-meal
setting (e.g. altering the proportion of red meat and legumes in a
recipe), while others may require shifts in food choices
throughout the day (e.g. choosing a meat-free lunch and to
snack on nuts). A plant-based meat substitute could also be a
convenient one-to-one replacement for red meat. As a
compromise (or an intermediary step), a more palatable change
could be to replace red meat with fish or poultry, which may(56)

(or may not(57)) lower type 2 diabetes risk.
In terms of public health messaging, our modelling of food

groups is conducive to the formulation of actionable recom-
mendations. This contrasts with the less practical – though
more aetiologically relevant – units such as the amount of

protein or energy from a particular source. However, due to
holding total energy intake constant and the divergent energy
content among substituted foods, our models do not account
for the resulting – albeit modest – residual difference in energy
intake(66). Based on the foodmodelling system for Australia, the
approximate energy content per standard serve is 550 kJ for
lean redmeat, 350 kJ for legumes, 750 kJ for nuts and seeds, and
450 kJ for wholegrains and higher-fibre cereals(67). When
substituting foods in practice, a further consideration is the
provision of essential nutrients. For example, when substituting
red meat with legumes, the background diet may need to
ensure other reliable sources of vitamin B12 (such as poultry,
dairy products, seafood, fortified foods or a dietary
supplement)(68,69).

Table 3. Dietary characteristics of the overall analysis sample (n 783) and by joint stratification of exposure intake categories*

Characteristic†

Overall Low-high Middle High-low

Mean SD Mean SD Mean SD Mean SD

Total energy intake (MJ/d) 9·6 2·6 10·5 2·3 9·2 1·8 9·2 2·0
Alcohol intake (g/d) 17·2 18·8 21·8 23·4 18·4 18·4 14·7 13·5

n % n % n % n %
Abstainers 59 7·5 6 5·9 6 6·4 8 7·5

Mean SD Mean SD Mean SD Mean SD

Dietary guideline index score 41·5 8·4 34·6 7·0 41·9 7·4 47·4 7·3
Red and processed meat‡ 1·8 0·9 2·8 0·8 1·7 0·2 0·8 0·4
Red meat 1·3 0·7 2·0 0·7 1·3 0·3 0·6 0·4
Processed meat 0·4 0·3 0·7 0·4 0·4 0·3 0·2 0·1

Plant-based alternatives‡ 2·6 1·6 1·0 0·4 2·3 0·4 4·5 1·2
Legumes 0·6 0·5 0·3 0·2 0·5 0·3 1·1 0·7
Nuts and seeds 0·5 0·5 0·2 0·2 0·4 0·3 1·0 0·7
Wholegrains 1·5 1·1 0·5 0·3 1·4 0·5 2·4 1·0

* Participants were jointly stratified by opposing thirds of intake of: (1) plant-based alternatives; and (2) red and processed meat: lowest third of alternatives and highest third of meat
(low-high, n 101), middle third of both alternatives andmeat (middle, n 94), and highest third of alternatives and lowest third of meat (high-low, n 107). Participant data for the other six
joint categories are not shown.

† Average across available time points (CDAH-1 andCDAH-3, and if available, CDAH-2). Almost two-thirds completed a FFQat CDAH-2: 496 had aDietaryGuideline Index score and
531 had an estimate for remaining dietary variables.

‡ The g/d intake was scaled to the standard serve sizes used in the Australian dietary guidelines.

Table 4. Modelled replacement of red and processed meat with plant-based alternatives and the estimated effect on log-HOMA2 insulin sensitivity (n 783)*

Unadjusted model Adjusted model†

β 95% CI P β 95% CI P

Replacing red meat with : : :
Plant-based alternatives 0·13 0·07, 0·18 <0·001 0·10 0·04, 0·16 0·001

Legumes 0·18 0·09, 0·27 <0·001 0·12 0·03, 0·21 0·010
Nuts and seeds 0·21 0·12, 0·29 <0·001 0·15 0·06, 0·24 0·001
Wholegrains 0·15 0·09, 0·21 <0·001 0·11 0·05, 0·18 0·001

Replacing processed meat with : : :
Plant-based alternatives 0·16 0·05, 0·27 0·006 0·09 –0·06, 0·23 0·24

Legumes 0·22 0·09, 0·35 0·001 0·13 –0·03, 0·29 0·10
Nuts and seeds 0·24 0·12, 0·37 <0·001 0·15 –0·003, 0·30 0·054
Wholegrains 0·20 0·08, 0·32 0·001 0·12 –0·03, 0·26 0·12

Replacing red and processed meat with : : :
Plant-based alternatives 0·11 0·07, 0·16 <0·001 0·09 0·04, 0·14 0·001

Legumes 0·16 0·08, 0·25 <0·001 0·10 0·02, 0·19 0·016
Nuts and seeds 0·19 0·11, 0·27 <0·001 0·14 0·05, 0·22 0·001
Wholegrains 0·14 0·09, 0·19 <0·001 0·10 0·04, 0·16 <0·001

HOMA2, homoeostasis model assessment version 2.2.
* The change in log-transformedHOMA2 insulin sensitivity (percentage points) when simulating a 1 serve/d lower intake of red and processedmeat with a concurrent 1 serve/d higher
intake of plant-based alternatives (legumes, nuts and seeds, and wholegrains).

† Adjusted for sex, age at blood draw, highest education, smoking status, physical activity, parental history of diabetes, use of hormonal contraceptive, use of blood pressure or
cholesterol-lowering medication, energy intake, alcohol intake and Dietary Guideline Index score.
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Within amainmeal context, exchangingmeat for plant-based
alternatives may also influence accompanying food choices,
resulting in changes to the underlying eating pattern(70) that
could differentially – and independently – associate with health
outcomes. Whether to adjust for other foods in a substitution
analysis will depend on the research question, as doing so may
artificially restrict the underlying eating pattern(66). This would
undermine the public health relevance but offer insight from an
aetiological perspective if other foods are considered confound-
ers rather than co-occurring factors with their own additional
benefits. Adjusting for all other food groups (i.e. the all-
components model) moderately attenuated our point estimate,
but the associationwith higher insulin sensitivity remainedwhen
replacing red meat with plant-based alternatives. This suggests
both public health and aetiological relevance. In addition to
direct effects, our substituted foods may be indicators of an
underlying eating pattern that also associates favourably with
insulin sensitivity.

Insulin resistance is an early defect in the pathogenesis of
type 2 diabetes that progressively worsens over time, particularly
in the years prior to diagnosis(71). Homoeostasis model assess-
ment is widely used in epidemiological studies as a convenient,
surrogate measure of insulin sensitivity(39). It has been validated
against direct measurement techniques such as the hyper-
insulinemic–euglycemic clamp(72). Since estimates are derived
from fasting glucose and insulin concentrations, homoeostasis
model assessment principally describes hepatic insulin sensi-
tivity(73). A higher estimate of insulin sensitivity generally
predicts lower type 2 diabetes risk, but other risk factors such
as obesity are still important(74–76). In our population, we infer
that habitually replacing red meat with plant-based alternatives
may also translate into lower type 2 diabetes risk, as found
previously(15).

The dominant role of excess body fat (principally in the liver
and pancreas) in the development of insulin resistance and β-cell
dysfunction is well established(77).When replacing redmeatwith
plant-based alternatives, waist circumference attenuated the
association with higher insulin sensitivity by about 40–60 %.
Thus, abdominal adiposity may be an important mediator in this
relationship. This is in line with a formal mediation analysis by
Mazidi et al., where nearly half of the association between red
meat intake and insulin sensitivity was explained by waist
circumference(78). In general, meat consumption is associated
with weight gain in European populations(79), but whether this
relationship is causal, and the possible extent of residual
confounding, is unclear.

Aside from adiposity-related mechanisms, several compo-
nents of red meat may contribute to the development of insulin
resistance and type 2 diabetes, as reviewed previously(80–82).
Examples include branched-chain amino acids, haem iron,
advanced glycation end products formed by the Maillard (or
‘browning’) reaction, and phosphatidylcholine and L-carnitine –
and their eventual conversion to trimethylamine N-oxide.
Potential mechanisms include oxidative stress, elevations in
inflammatory markers, disruption to insulin signalling pathways
and damage to insulin-producing β-cells. In contrast, intakes of
legumes, nuts and seeds, and wholegrains generally improve
markers of glucose homoeostasis (fasting glucose, glycated

haemoglobin and insulin sensitivity)(83). Likely beneficial
components of these foods include antioxidants, phytochem-
icals, unsaturated fatty acids and fibre(84). A higher intake of
cereal fibre appears particularly beneficial and, mechanistically,
may enhance satiety and weight maintenance, lower inflamma-
tory markers, and augment gut microbiota composition and the
production of SCFA via fermentation(85,86).

Assuming we sufficiently predicted loss to follow-up, our
inverse probability weighting procedure did not reveal sub-
stantive selection bias; however, we may have slightly
overestimated our point estimate due to the characteristics of
our analysis sample relative to the source population. Excluding
participants with a health condition that may have prompted
lifestyle changes did not change our results, helping to mitigate
reverse causation bias. The limited number of infrequent and
non-consumers of red meat (or plant-based alternatives) had
little impact on our estimates. Our findings may not be
generalisable to populations with different levels of food group
intake, underlying eating patterns and socio-economic status.
The composition of food groups and culinary practices may also
vary. Taking red meat as an example, certain cooking methods
(e.g. roasting or barbequing) and a preference for higher
doneness may increase type 2 diabetes risk independent of total
meat consumption(87).

Despite adjusting for potential confounders, unmeasured
confounding remains a concern in observational studies.
Residual confounding is likewise a concern for imperfectly
measured covariates (e.g. physical activity and energy intake). In
European countries(88) and the USA(89), higher meat intake is
generally accompanied by higher rates of smoking, obesity and
lower educational attainment, among other differences. We
observed a similar profile of characteristics among participants
with higher intakes of red and processed meat (and lower
intakes of plant-based alternatives), including notable
differences in diet quality. The unfavourable association
between redmeat and insulin resistancemay be partly explained
by lifestyle and dietary factors that cluster at different levels of red
meat intake. Therefore, the results of the present study should be
interpreted with caution due to the possibility of unmeasured
and residual confounding.

FFQ data are subject to measurement error. We modelled
average intakes to help reduce within-person variation and
account for changes in intake over time. Compared with
biomarker-calibrated red meat intake, the association between
unadjusted intake and type 2 diabetes risk is substantially
attenuated(90). Therefore, we may have underestimated our
estimated substitution effects due tomeasurement error. Further,
changes inmultiple dietary components, rather than a select few,
may also result in larger effect sizes. Due to a lack of detailed
information, some wholegrain (or high-fibre) foods may have
been misclassified as refined grains, possibly resulting in an
underestimation of wholegrain intake from sources such as rice,
pasta and ready-to-eat breakfast cereals.

In conclusion, our modelling found that replacing red meat,
and possibly processed meat, with legumes, nuts and seeds, or
wholegrains (or a combination thereof) predicted higher insulin
sensitivity in Australian adults, implying a lower risk of type 2
diabetes. These findings are timely given the increasing
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promotion of mostly plant-based diets, limits on red meat
consumption, and plant-based sources of protein for health and
environmental reasons. The rapid emergence and commercial-
isation of plant-based meat substitutes, as opposed to farmed
meat, may present further avenues of investigation for public
health researchers.

Acknowledgements

The authors gratefully acknowledge the contributions of all
project staff, project volunteers and study participants.

The Childhood Determinants of Adult Health study was
funded by the National Health and Medical Research Council
(grant numbers 211316, 544923, 1128373), National Heart
Foundation (grant number GOOH 0578), Tasmanian
Community Fund (grant number D0013808), Mostyn Family
Foundation and Veolia Environmental Services. These funding
bodies had no role in the design, analysis or writing of this article.

J. P. G., C. G. M. and M. B. conceptualised and designed the
study. J. P. G. and M. B. performed the analysis. K. J. S. and M. B.
provided subject-matter expertise. J. P. G. andM. K. prepared the
graphical abstract. T. D. and A. J. V. conceptualised the
Childhood Determinants of Adult Health study and were
involved in funding and data acquisition. C. G. M. supervised
the completion of the study. J. P. G. drafted the manuscript and
coordinated revisions. All authors reviewed, edited and
commented on the draft manuscript and approved the final
version.

The authors declare no conflict of interest.

Supplementary material

For supplementary material/s referred to in this article, please
visit https://doi.org/10.1017/S0007114523002659

References

1. World Health Organization & International Diabetes
Federation (2006) Definition and Diagnosis of Diabetes
Mellitus and Intermediate Hyperglycaemia: Report of a
WHO/IDF Consultation. Geneva: World Health Organization.

2. International Diabetes Federation (2021) IDF Diabetes Atlas,
10th ed. Brussels: International Diabetes Federation.

3. Hu FB, Manson JE, Stampfer MJ, et al. (2001) Diet, lifestyle, and
the risk of type 2 diabetes mellitus in women.N Engl J Med 345,
790–797.

4. Ford ES, Bergmann MM, Kröger J, et al. (2009) Healthy living is
the best revenge: findings from the European prospective
investigation into cancer and nutrition-potsdam study. Arch
Intern Med 169, 1355–1362.

5. Herforth A, Arimond M, Álvarez-Sánchez C, et al. (2019) A
global review of food-based dietary guidelines. Adv Nutr 10,
590–605.

6. Food and Agriculture Organization of the United Nations &
World Health Organization (2019) Sustainable Healthy Diets:
Guiding Principles. Rome: FAO, WHO.

7. Kent G, Kehoe L, Flynn A, et al. (2022) Plant-based diets: a
review of the definitions and nutritional role in the adult diet.
Proc Nutr Soc 81, 62–74.

8. Gonzalez Fischer C & Garnett T (2016) Plates, Pyramids,
Planet. Developments in National Healthy and Sustainable
Dietary Guidelines: A State of Play Assessment. Rome: Food
and Agriculture Organization of the United Nations and Food
Climate Research Network.

9. James-Martin G, Baird DL, Hendrie GA, et al. (2022)
Environmental sustainability in national food-based dietary
guidelines: a global review. Lancet Planet Health 6, e977–e986.

10. Ministry of Health of Brazil (2015) Dietary Guidelines for the
Brazilian Population. Brasília: Ministry of Health of Brazil.

11. Danish Veterinary and Food Administration (2021) The Official
Dietary Guidelines—Good for Health and Climate. Glostrup:
Danish Veterinary and Food Administration.

12. Health Canada (2019) Canada’s Dietary Guidelines for Health
Professionals and Policy Makers. Ottawa: Health Canada.

13. National Heart Foundation of Australia (2019) Dietary Position
Statement: Heart Healthy Eating Patterns. Melbourne: NHFA.

14. Lichtenstein AH, Appel LJ, Vadiveloo M, et al. (2021) 2021
Dietary guidance to improve cardiovascular health: a scientific
statement from the American Heart Association. Circulation
144, e472–e487.

15. Pan A, SunQ, Bernstein AM, et al. (2011) Redmeat consumption
and risk of type 2 diabetes: 3 cohorts of US adults and an updated
meta-analysis. Am J Clin Nutr 94, 1088–1096.

16. Pan A, Sun Q, Bernstein AM, et al. (2013) Changes in red meat
consumption and subsequent risk of type 2 diabetes mellitus.
JAMA Intern Med 173, 1328–1335.

17. Ibsen DB, Steur M, Imamura F, et al. (2020) Replacement of red
and processed meat with other food sources of protein and the
risk of type 2 diabetes in European populations: the EPIC-
InterAct study. Diabetes Care 43, 2660–2667.

18. Li J, Glenn AJ, Yang Q, et al. (2022) Dietary protein sources,
mediating biomarkers, and incidence of type 2 diabetes:
findings from the Women’s Health Initiative and the UK
Biobank. Diabetes Care 45, 1742–1753.

19. DeFronzo RA (2009) From the triumvirate to the ominous octet:
a new paradigm for the treatment of type 2 diabetes mellitus.
Diabetes 58, 773–795.

20. Weir GC & Bonner-Weir S (2004) Five stages of evolving β-
cell dysfunction during progression to diabetes.Diabetes 53,
S16–S21.

21. Azemati B, Rajaram S, Jaceldo-Siegl K, et al. (2017) Animal-
protein intake is associated with insulin resistance in Adventist
Health Study 2 (AHS-2) calibration substudy participants: a
cross-sectional analysis. Curr Dev Nutr 1, e000299.

22. Chen Z, Franco OH, Lamballais S, et al. (2020) Associations of
specific dietary protein with longitudinal insulin resistance,
prediabetes and type 2 diabetes: the Rotterdam study.Clin Nutr
39, 242–249.

23. Hruby A & Jacques PF (2018) Dietary protein and changes in
markers of cardiometabolic health across 20 years of follow-
up in middle-aged Americans. Public Health Nutr 21, 2998–
3010.

24. Meng S, Cui Z, Li M, et al. (2021) Associations between dietary
animal and plant protein intake and cardiometabolic risk
factors—a cross-sectional study in China Health and Nutrition
Survey. Nutrients 13, 336.

25. Clapham AR, Root MM & Ekker-Runde C (2020) Body mass
index mediates the association between meat intake and
insulin sensitivity. Nutr Res 80, 28–35.

26. Cocate PG, Natali AJ, de Oliveira A, et al. (2015) Red but not
white meat consumption is associated with metabolic syn-
drome, insulin resistance and lipid peroxidation in Brazilian
middle-aged men. Eur J Prev Cardiol 22, 223–230.

27. Zelber-Sagi S, Ivancovsky-Wajcman D, Fliss Isakov N, et al.
(2018) High red and processed meat consumption is associated

1092 J. P. Goode et al.

https://doi.org/10.1017/S0007114523002659 Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114523002659
https://doi.org/10.1017/S0007114523002659


with non-alcoholic fatty liver disease and insulin resistance.
J Hepatol 68, 1239–1246.

28. Willett WC, Howe GR & Kushi LH (1997) Adjustment for total
energy intake in epidemiologic studies. Am J Clin Nutr 65,
S1220–S1228.

29. Gardner CD, Mehta T, Bernstein A, et al. (2021) Three factors
that need to be addressedmore consistently in nutrition studies:
“instead of what?”, “in what context?”, and “for what?”. Am J
Health Promot 35, 881–882.

30. Gall SL, Jose K, Smith K, et al. (2009) The childhood
determinants of adult health study: a profile of a cohort study
to examine the childhood influences on adult cardiovascular
health. Australas Epidemiol 16, 35–39.

31. Pyke JE (1987)Australian Health and Fitness Survey 1985: The
Fitness, Health and Physical Performance of Australian School
Students Aged 7–15 Years. Adelaide: Australian Council for
Health, Physical Education and Recreation.

32. Wilson JE, Blizzard L, Gall SL, et al. (2019) An age- and sex-
specific dietary guidelines index is a valid measure of diet
quality in an Australian cohort during youth and adulthood.
Nutr Res 65, 43–53.

33. IPAQ Group (2005) Guidelines for Data Processing and
Analysis of the International Physical Activity Questionnaire
(IPAQ)—Short and Long Forms. https://sites.google.com/
view/ipaq (accessed January 2023).

34. Goode JP, Smith KJ, Kilpatrick M, et al. (2021) Retrospectively
estimating energy intake and misreporting from a qualitative
food frequency questionnaire: an example using Australian
cohort and national survey data. Front Nutr 8, 624305.

35. McLennan W & Podger AS (1998) National Nutrition Survey:
Users’ Guide, 1995 (4801.0). https://tinyurl.com/5c5azx8c
(accessed October 2020).

36. Ireland PD, Jolley D, Giles G, et al. (1994) Development of the
Melbourne FFQ: a food frequency questionnaire for use in an
Australian prospective study involving an ethnically diverse
cohort. Asia Pac J Clin Nutr 3, 19–31.

37. National Health and Medical Research Council (2013)
Australian Dietary Guidelines. Canberra: NHMRC.

38. Food Standards Australia New Zealand (2014) Australian
Food, Supplement and Nutrient Database (AUSNUT) 2011–
13: Food Recipe File. https://tinyurl.com/4kxjhudh (accessed
February 2023).

39. Wallace TM, Levy JC & Matthews DR (2004) Use and abuse of
HOMA modeling. Diabetes Care 27, 1487–1495.

40. Manley SE, Luzio SD, Stratton IM, et al. (2008) Preanalytical,
analytical, and computational factors affect homeostasis model
assessment estimates. Diabetes Care 31, 1877–1883.

41. Craig CL, Marshall AL, Sjöström M, et al. (2003) International
physical activity questionnaire: 12-country reliability and
validity. Med Sci Sports Exerc 35, 1381–1395.

42. Song M & Giovannucci E (2018) Substitution analysis in
nutritional epidemiology: proceed with caution. Eur J
Epidemiol 33, 137–140.

43. Mather KJ, Hunt AE, Steinberg HO, et al. (2001) Repeatability
characteristics of simple indices of insulin resistance: implica-
tions for research applications. J Clin Endocrinol Metab 86,
5457–5464.

44. Chen L, Magliano DJ, Balkau B, et al. (2010) AUSDRISK: an
Australian type 2 diabetes risk assessment tool based on
demographic, lifestyle and simple anthropometric measures.
Med J Aust 192, 197–202.

45. Birrell CL, Neale EP & Probst YC (2020) Usual intake of meat in
Australians: secondary analysis of the 2011–12 national
nutrition and physical activity survey using the NCI method.
J Hum Nutr Diet 33, 505–517.

46. Jayedi A, Soltani S, Motlagh SZ-T, et al. (2022) Anthropometric
and adiposity indicators and risk of type 2 diabetes: systematic
review and dose-response meta-analysis of cohort studies. BMJ
376, e067516.

47. Tomova GD, Gilthorpe MS & Tennant PWG (2022) Theory and
performance of substitution models for estimating relative
causal effects in nutritional epidemiology. Am J Clin Nutr 116,
1379–1388.

48. Tomova GD, Arnold KF, Gilthorpe MS, et al. (2022) Adjustment
for energy intake in nutritional research: a causal inference
perspective. Am J Clin Nutr 115, 189–198.

49. Ibsen DB & Dahm CC (2022) Food substitutions revisited. Am J
Clin Nutr 116, 1195–1198.

50. Tomova GD, Arnold KF, Gilthorpe MS, et al. (2022) Reply to
WC Willett et al. Am J Clin Nutr 116, 609–610.

51. Willett WC, Stampfer M & Tobias DK (2022) Re: adjustment for
energy intake in nutritional research: a causal inference
perspective. Am J Clin Nutr 116, 608–609.

52. Goode JP, Smith KJ, Breslin M, et al. (2023) A healthful
plant-based eating pattern is longitudinally associated with
higher insulin sensitivity in Australian adults. J Nutr 153,
1544–1554.

53. Cox NJ (2018) Speaking Stata: from rounding to binning. Stata J
18, 741–754.

54. Rafi Z & Greenland S (2020) Semantic and cognitive tools to aid
statistical science: replace confidence and significance by
compatibility and surprise. BMCMed Res Methodol 20, 244–244.

55. Ley SH, Sun Q, Willett WC, et al. (2014) Associations between
red meat intake and biomarkers of inflammation and glucose
metabolism in women. Am J Clin Nutr 99, 352–360.

56. Würtz AML, Jakobsen MU, Bertoia ML, et al. (2021) Replacing
the consumption of red meat with other major dietary protein
sources and risk of type 2 diabetes mellitus: a prospective
cohort study. Am J Clin Nutr 113, 612–621.

57. Ibsen DB, Jakobsen MU, Halkjær J, et al. (2021) Replacing red
meat with other nonmeat food sources of protein is associated
with a reduced risk of type 2 diabetes in a Danish cohort of
middle-aged adults. J Nutr 151, 1241–1248.

58. Gardner C (2021) “Instead of what,” and repeated 4-year
interval change regarding red meat and T2D: increasing causal
inference in nutritional epidemiology through methodological
advances. Am J Clin Nutr 113, 497–498.

59. Shi W, Huang X, Schooling CM, et al. (2023) Red meat
consumption, cardiovascular diseases, and diabetes: a system-
atic review and meta-analysis. Eur Heart J 44, 2626–2635.

60. Micha R, Michas G & Mozaffarian D (2012) Unprocessed red
and processed meats and risk of coronary artery disease and
type 2 diabetes – an updated review of the evidence. Curr
Atheroscler Rep 14, 515–524.

61. ZhengM,Wu JHY, Louie JCY, et al. (2016) Typical food portion
sizes consumed by Australian adults: results from the 2011–
2012 Australian national nutrition and physical activity survey.
Sci Rep 6, 19596.

62. Sui Z, Raubenheimer D& Rangan A (2017) Exploratory analysis
of meal composition in Australia: meat and accompanying
foods. Public Health Nutr 20, 2157–2165.

63. Maukonen M, Harald K, Kaartinen NE, et al. (2023) Partial
substitution of red or processed meat with plant-based foods
and the risk of type 2 diabetes. Sci Rep 13, 5874.

64. Blomhoff R, Andersen R, Arnesen EK, et al. (2023) Nordic
Nutrition Recommendations 2023. Copenhagen: Nordic
Council of Ministers.

65. Willett WC, Rockström J, Loken B, et al. (2019) Food in the
anthropocene: the EAT–Lancet Commission on healthy diets
from sustainable food systems. Lancet 393, 447–492.

Food substitutions and insulin sensitivity 1093

https://doi.org/10.1017/S0007114523002659 Published online by Cam
bridge U

niversity Press

https://sites.google.com/view/ipaq
https://sites.google.com/view/ipaq
https://tinyurl.com/5c5azx8c
https://tinyurl.com/4kxjhudh
https://doi.org/10.1017/S0007114523002659


66. Ibsen DB, Laursen ASD, Würtz AML, et al. (2021) Food
substitution models for nutritional epidemiology. Am J Clin
Nutr 113, 294–303.

67. National Health and Medical Research Council (2011) A
Modelling System to Inform the Revision of the Australian
Guide to Healthy Eating. Canberra: NHMRC.

68. Watanabe F & Bito T (2018) Vitamin B12 sources and microbial
interaction. Exp Biol Med 243, 148–158.

69. Zeuschner CL, Hokin BD, Marsh KA, et al. (2013) Vitamin B12

and vegetarian diets. Med J Aust 199, S5–45.
70. Päivärinta E, Itkonen S, Pellinen T, et al. (2020) Replacing

animal-based proteins with plant-based proteins changes the
composition of a whole Nordic diet—a randomised clinical trial
in healthy Finnish adults. Nutrients 12, 943.

71. Tabák AG, Jokela M, Akbaraly TN, et al. (2009) Trajectories of
glycaemia, insulin sensitivity, and insulin secretion before
diagnosis of type 2 diabetes: an analysis from the Whitehall II
study. Lancet 373, 2215–2221.

72. Bonora E, Targher G, Alberiche M, et al. (2000) Homeostasis
model assessment closely mirrors the glucose clamp technique
in the assessment of insulin sensitivity: studies in subjects with
various degrees of glucose tolerance and insulin sensitivity.
Diabetes Care 23, 57–63.

73. Abdul-Ghani MA, Tripathy D & DeFronzo RA (2006)
Contributions of β-cell dysfunction and insulin resistance to
the pathogenesis of impaired glucose tolerance and impaired
fasting glucose. Diabetes Care 29, 1130–1139.

74. Ruijgrok C, Dekker JM, Beulens JW, et al. (2018) Size and shape
of the associations of glucose, HbA1c, insulin and HOMA-IR
with incident type 2 diabetes: the Hoorn study. Diabetologia
61, 93–100.

75. Bonora E, Kiechl S, Willeit J, et al. (2004) Population-based
incidence rates and risk factors for type 2 diabetes in white
individuals: the Bruneck study. Diabetes 53, 1782–1789.

76. Lyssenko V, Almgren P, Anevski D, et al. (2005) Predictors
of and longitudinal changes in insulin sensitivity and
secretion preceding onset of type 2 diabetes. Diabetes
54, 166–174.

77. Taylor R (2021) Type 2 diabetes and remission: practical
management guided by pathophysiology. J Intern Med 289,
754–770.

78. Mazidi M, Kengne AP, George ES, et al. (2021) The association
of red meat intake with inflammation and circulating inter-
mediate biomarkers of type 2 diabetes is mediated by central
adiposity. Br J Nutr 125, 1043–1050.

79. Vergnaud A-C, Norat T, Romaguera D, et al. (2010) Meat
consumption and prospective weight change in participants of
the EPIC-PANACEA study. Am J Clin Nutr 92, 398–407.

80. Feskens EJM, Sluik D & van Woudenbergh GJ (2013) Meat
consumption, diabetes, and its complications. Curr Diab Rep
13, 298–306.

81. Kim Y, Keogh J & Clifton P (2015) A review of potential
metabolic etiologies of the observed association between red
meat consumption and development of type 2 diabetes
mellitus. Metabolism 64, 768–779.

82. Wolk A (2017) Potential health hazards of eating red meat. J
Intern Med 281, 106–122.

83. Schwingshackl L, Hoffmann G, Iqbal K, et al. (2018) Food
groups and intermediate disease markers: a systematic review
and networkmeta-analysis of randomized trials. Am J Clin Nutr
108, 576–586.

84. Satija A & Hu FB (2018) Plant-based diets and cardiovascular
health. Trends Cardiovasc Med 28, 437–441.

85. Weickert MO & Pfeiffer AFH (2018) Impact of dietary fiber
consumption on insulin resistance and the prevention of type 2
diabetes. J Nutr 148, 7–12.

86. Weickert MO & Pfeiffer AFH (2008) Metabolic effects of
dietary fiber consumption and prevention of diabetes. J Nutr
138, 439–442.

87. Liu G, Zong G, Wu K, et al. (2018) Meat cooking methods and
risk of type 2 diabetes: results from three prospective cohort
studies. Diabetes Care 41, 1049–1060.

88. The InterAct Consortium (2013) Association between dietary
meat consumption and incident type 2 diabetes: the EPIC-
InterAct study. Diabetologia 56, 47–59.

89. Sinha R, Cross AJ, Graubard BI, et al. (2009) Meat intake and
mortality: a prospective study of over half a million people.
Arch Intern Med 169, 562–571.

90. Zheng C, Pettinger M, Gowda GAN, et al. (2022) Biomarker-
calibrated red and combined red and processed meat intakes
with chronic disease risk in a cohort of postmenopausal
women. J Nutr 152, 1711–1720.

1094 J. P. Goode et al.

https://doi.org/10.1017/S0007114523002659 Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114523002659

	Modelling the replacement of red and processed meat with plant-based alternatives and the estimated effect on insulin sensitivity in a cohort of Australian adults
	Methods
	Study population
	Participant selection
	Assessment of exposure
	Assessment of outcome
	Assessment of other covariates
	Statistical analyses

	Results
	Discussion
	Acknowledgements
	Supplementary material
	References


