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Abstract

Background: The rates of pre-diabetes and type 2 diabetes mellitus are increasing worldwide, producing significant
burdens for individuals, families, and healthcare systems. In New Zealand, type 2 diabetes mellitus and pre-diabetes
disproportionally affect Māori, Pacific, and South Asian peoples. This research evaluates the efficacy, acceptability,
and economic impact of a probiotic capsule and a prebiotic cereal intervention in adults with pre-diabetes on
metabolic and mental health and well-being outcomes.
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Methods: Eligible adults (n = 152) aged 18–80 years with pre-diabetes (glycated haemoglobin 41–49 mmol/mol)
will be enrolled in a 2 × 2 factorial design, randomised, parallel-group, placebo-controlled trial. Computer-generated
block randomization will be performed independently. Interventions are capsulated Lactobacillus rhamnosus HN001
(6 × 109 colony-forming units/day) (A) and cereal containing 4 g β-glucan (B), placebo capsules (O1), and calorie-
matched control cereal (O2). Eligible participants will receive 6 months intervention in the following groups: AB,
AO1, BO2, and O1O2. The primary outcome is glycated haemoglobin after 6 months. Follow-up at 9 months will
assess the durability of response. Secondary outcomes are glycated haemoglobin after 3 and 9 months, fasting
glucose, insulin resistance, blood pressure, body weight, body mass index, and blood lipid levels. General well-being
and quality of life will be measured by the Short-Form Health Survey 36 and Depression Anxiety Stress Scale 21 at 6
and 9 months. Outcome assessors will be blind to capsule allocation. An accompanying qualitative study will
include 24 face-to-face semistructured interviews with an ethnically balanced sample from the β-glucan arms at 2
months, participant focus groups at 6 months, and three health professional focus groups. These will explore how
interventions are adopted, their acceptability, and elicit factors that may support the uptake of interventions. A
simulation model of the pre-diabetic New Zealand population will be used to estimate the likely impact in quality-
adjusted life years and health system costs of the interventions if rolled out in New Zealand.

Discussion: This study will examine the efficacy of interventions in a population with pre-diabetes. Qualitative components
provide rich description of views on the interventions. When combined with the economic analysis, the study will provide
insights into how to translate the interventions into practice.

Trial registration: Australian New Zealand Clinical Trials Registry, ACTRN12617000990325. Prospectively
registered on 10 July 2017.

Keywords: Lactobacillus rhamnosus HN001, Beta-glucan, Pre-diabetes, Probiotic, Prebiotic, DASS21, SF36,
Acceptability, Economic analysis, Efficacy

Background
The prevalence of diabetes almost doubled worldwide
between 1980 and 2016 [1]. This was predominantly
driven by a rise in the rates of type 2 diabetes mellitus
(T2DM) and pre-diabetes, which are associated with in-
creasing rates of overweight or obesity [1]. In New Zea-
land, diabetes is one of the fastest growing long-term
health conditions with an estimated increase of 7% per
annum [2]. In addition, there are significant ethnic in-
equalities in the rates of diagnosed T2DM (2012/2013
data), with rates of 7% for Māori people, 13% for Pacific
people, and 7% for Asian people, compared with 5.8% in
the overall population [3], and pre-diabetes (2008/2009
data), with rates of 30% for Māori people and 30% for
Pacific people, compared with 26% overall [4].
Pre-diabetes is an intermediate phase in the develop-

ment of T2DM when glucose concentrations are be-
tween normal levels and those levels that define clinical
diabetes [5]. Up to 70% of individuals with pre-diabetes
will eventually develop T2DM [6]. Reversion to normal
glucose levels, even if it is only transient, is associated
with about half the risk for T2DM [7].
Diabetes is extremely costly to individuals, the health-

care system, and society as a whole [1, 2]. Healthcare
costs are three times higher for an individual with dia-
betes compared with those for individuals without dia-
betes [2]. In addition, costs through loss of productivity
exceed the healthcare costs [2].

Diabetes is associated with significant morbidities
such as peripheral vascular disease, adult-onset blind-
ness, renal failure, stroke, and cardiovascular disease
(CVD) [8]. Depression is present at nearly double the
normal rate in individuals with T2DM [9]. Lifestyle
interventions, including dietary modification, exercise,
and weight loss, are currently the main interventions
used to reduce the risk of progression from pre-dia-
betes to T2DM [10]. However, these interventions are
costly to implement and difficult to sustain. Add-
itional effective measures, which are cost-effective and
easy to implement on a broad scale, are required. To
reduce health inequalities, such measures need to be
acceptable and accessible to the groups at the highest
risk of developing diabetes.

Gut microbiota and health
Gut microbiota respond to environmental changes and
moderate human physiology in multiple ways, which are
not encoded for in the human genome [11, 12]. Dysbio-
sis (imbalance of microbial species in the body) has been
associated with many health conditions including obes-
ity, metabolic syndrome, non-alcoholic fatty liver dis-
ease, diabetes, and depression [13–15]. Therefore, the
deliberate modulation of gut microbiota opens new pos-
sibilities in the search for ways to reduce the develop-
ment of diabetes, CVD, and depression.
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Probiotics
Probiotics are defined by the World Health Organization
as “live microorganisms which when administered in ad-
equate amounts confer a health benefit to the consumer”
[16]. Many different organisms are recognised as probio-
tics. Crucially, the health effects of probiotics are specific
to the type, species, and strain of the probiotic used [17],
and may be dose-dependent [18].
In a randomized controlled trial [19] we found that

supplementation with the probiotic Lactobacillus rham-
nosus HN001 (HN001) (6 × 109 colony-forming units
(cfu) daily) in pregnant women from 14 to 16 weeks ges-
tation reduced the incidence of gestational diabetes,
using the local New Zealand criteria for gestational dia-
betes, from 6.5% in the placebo group to 2.1% in the
probiotic group (absolute risk difference 4.4%, P = 0.03)
[20]. Notably this result was achieved without any other
dietary or lifestyle modification. Post-natal depression
scores and anxiety prevalence were also reduced in the
probiotic arm of this study: the Edinburgh postnatal de-
pression scale score for HN001, mean = 7.7 (standard
deviation (SD) = 5.4) compared with 9.0 (SD 6.0) in the
placebo group (P = 0.037); and anxiety present in 15.6%
compared with 29.4% in the placebo group (adjusted
P = 0.002) [21]. Our research extends this work to study
the effect of the same probiotic in those with pre-dia-
betes, but with the addition of prebiotic/fibre interven-
tion to optimize the potential health benefits.

Prebiotics and fibre
Prebiotics are nondigestible high-fibre food components
that are selectively fermented by particular members of
the gut microbiota providing benefits to the health of
the host [22]. Both soluble and insoluble fibre intake are
important for prevention and treatment of T2DM, obes-
ity, CVD, and hyperlipidaemia [23, 24].
Specifically, β-glucans are soluble polysaccharide pre-

biotics with a high molecular weight and are present in
a range of noncereal and cereal foods, including oats
and barley [25, 26]. The health properties of β-glucans
are well documented [23, 26–31]. A 2018 meta-analysis
of oat β-glucan (median dose 3.5 g/day) including data
from 58 trials (n = 3974) found modest reductions in
low-density lipoprotein (LDL; 0.19 mmol/l), non-high-
density lipoprotein cholesterol (non HDL-C; 20 mmol/l),
and apolipoprotein B (0.03 g/l) [32]. The European Food
Safety Authority (EFSA) has endorsed claims that 4 g β-
glucan significantly reduces blood glucose after meals,
and 3 g/day decreases blood cholesterol [33]. However,
to our knowledge there is little published evidence of the
long-term effects of β-glucan and in particular whether
these effects result in achievement and long-term main-
tenance of normal blood glucose concentrations, which

is fundamental in decreasing the risk of developing
T2DM.
Based on the above evidence of benefits from oat-de-

rived β-glucan, in this research we will pair β-glucan
with HN001. Furthermore, in vitro research indicates
that β-glucan supports the growth of HN001 [34]. We
contend that, in contrast to a probiotic-only interven-
tion, this modification will most benefit metabolic and
mental health outcomes.
In summary, diabetes is a significant and growing chal-

lenge worldwide with multiple social, economic, and
health implications. Novel treatments are needed to help
reduce the risk of pre-diabetes progressing to T2DM
and in turn reduce the risk of the complications of dia-
betes. Building on our previous research, the
Food 4 Health study: He Oranga Kai1 (F4H) utilises L.
rhamnosus HN001 with the addition of the prebiotic β-
glucan to quantitatively evaluate the health effects in
adults with pre-diabetes. An in-depth understanding of
the experiences of study participants in taking the study
interventions, including their acceptability, and how
these interventions are used by a range of ethnic groups
including those most at risk of diabetes in New Zealand
will be obtained through qualitative research methods.
The study will seek health professional views on how to
implement the intervention in practice. This, in combin-
ation with results from an economic analysis, will pro-
vide insights into how to translate the interventions into
practice.

Overarching aims
The overall goals of this work are: 1) to investigate the
metabolic and other physical and psychological health
effects of the single or combined use of daily HN001
probiotic and cereal enriched with 4 g β-glucan for 6
months in adults with pre-diabetes and the persistence
of any health effects for a further 3 months after stop-
ping the interventions; 2) to ascertain the acceptability
of the study interventions, how they are adopted into
participant’s lives, and develop a pathway to implemen-
tation; and 3) to establish the cost effectiveness of the
intervention at the population level.

Methods/design
Randomized controlled trial design and hypotheses
This is a 2 × 2 factorial design, randomised, parallel-group,
placebo-controlled trial in 152 adults with pre-diabetes
designed to test the hypotheses that the administration of
6months of the probiotic HN001 (6 × 109 cfu) either
alone or in combination with a cereal enriched with 4 g β-
glucan to adults with pre-diabetes for 6 months will re-
duce glycated haemoglobin (HbA1c). The allocation ratio

1He Oranga Kai translated from Māori means Food for Health.
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to groups will be 1:1:1:1. The design is to test the superior-
ity of HN001 with or without 4 g β-glucan over placebo.

Randomization and blinding
Randomization will be performed independently by
Fonterra Co-Operative Ltd, using Microsoft Excel and a
computer-generated random number list according to pro-
cedures explained by Kim and Shin [35]. Randomization
will be performed in blocks of eight and not stratified; how-
ever, covariates will be collected and an important selection
of these will be used in a sensitivity analysis.
The study is double-blinded for study capsules and

only the study statistician will be unblinded after data
analysis of the 6-month primary outcome. Outcome as-
sessors and all participants will remain blinded to cap-
sule allocation until all 9-month follow-up data are
collected. Due to the obvious difference in cereals the
study is not blinded for cereals; however, participants
will not be informed of the full rationale for cereal
choices, the full contents of cereal packages, or which
cereal is considered the intervention and which is the
control until after all participants have completed the
study.
Fonterra Co-Operative Ltd will share the study cereal

allocation codes with the study centre, while capsule al-
locations will remain double-blinded until data are
analysed.
Staff will allocate the next study number in consecu-

tive sequence to those eligible at the commencement of
the enrolment visit. The type of cereal allocated will only
be revealed to the participant at the time the relevant
intervention is dispensed after baseline measures are
collected.

Setting and participants
Study participants will be predominantly urban-dwelling
adults, recruited from the community in the greater
Wellington region of New Zealand.
Eligible individuals will be English speaking adults

aged 18–80 years who are capable of giving informed
consent, who have pre-diabetes, defined as per New
Zealand criteria as a screening HbA1c 41–49mmol/mol
(5.9–6.6%) [36]. There is potential for a change in
HbA1c between screening and enrolment. To minimize
the possibility that those with screening HbA1cs in the
lower range will have regressed to the normal range by
enrolment, the following criteria will apply. Those with
screening HbA1c in the range 41–44 mmol/mol will be
enrolled within 4 months of the screening test date, and
those with HbA1c in the range 45–49mmol/mol will en-
rolled within 1 year of the screening test date. For ana-
lysis, only the HbA1c at baseline visit and subsequent
time points will be included. Regardless of the baseline

HbA1c value, all participant data will be included in the
analysis.
In addition, participants will be excluded if any of the

following apply:

� Previous bariatric surgery, or pre-existing T1DM or
T2DM. Where a previous diagnosis of T2DM is
uncertain, this will be defined as ever having had
two consecutive HbA1c results ≥ 50 mmol/mol that
are at least 3 months apart

� Abnormal thyroid function (thyroid-stimulating
hormone < 0.3 mU/l or ≥ 4.5 mU/l in the last 18
months); those requiring stable doses of thyroxine
for treated hypothyroidism will be eligible for the
study

� Current significant renal disease (estimated
glomerular filtration rate < 30 ml/min/1.72m2)

� Serious immune dysfunction (for example HIV/
AIDS, immune deficiency diseases)

� Current pregnancy or breastfeeding, or planning to
conceive during the study

� Unstable body weight (active weight loss/gain > 5 kg
in prior 3 months), or weight > 200 kg

� Structural heart disease (known valve abnormality
or replacement, history of endocarditis) or other
vascular implant, apart from cardiac stents or
intracranial coils

� Gastrointestinal disorder that alters the digestion
and absorption of nutrients (e.g. ulcerative colitis,
Crohn’s disease, an ileostomy or colostomy)

� Medication use; current use of immune
suppressant medications, medications that modify
blood sugar levels, or anticipated regular use of
such medications (e.g. frequent use of oral or
injected steroids), long-term use of systemic
antibiotics

� Use fibre/prebiotic/β-glucan/probiotic supplements
and is unable or unwilling to cease using these for
the study duration

� Allergy/intolerances; coeliac disease, intolerance to
oats, milk, barley or corn or severe allergy to traces
of other allergens that may be present in the study
interventions

� Does not agree to refrain from donating blood for 3
months prior to each study visit

� Is participating in, or has recently participated in,
another research study involving an intervention
which may alter outcomes of interest to this study,
or lives with another participant who is already
enrolled in the F4H study

� Does not have a general practitioner/primary
healthcare provider or does not agree to study
communicating clinical results to the general
practitioner if needed
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� Any other condition or situation which, in the view
of investigators, would affect the compliance or
safety of the individual taking part

Interventions
Study capsules
Active study capsules will contain L. rhamnosus HN001
(6 × 109 cfu) and 140 mg corn-derived maltodextrin. L.
rhamnosus powder will be produced as described by
Wickens et al. [37]. Placebo capsules will be identical in
appearance and contain 150mg (corn-derived) malto-
dextrin. Grain Processing Corp., Oregon, USA, manufac-
ture the maltodextrin, and Salkat New Zealand Ltd,
Auckland, will supply it to Fonterra Co-operative Group
Ltd. Alaron Products Ltd, Nelson, New Zealand, will en-
capsulate both powders. An external registered labora-
tory will undertake safety and quality testing to
pharmaceutical standards and compliance with the
Therapeutic Goods Act. Fonterra Co-Operative Ltd will
supply the capsules in sealed opaque bottles containing
105 capsules.
Study capsules will be maintained in cool storage (4 °C)

to preserve probiotic viability. Participants will be
instructed to store capsules in their home fridge, and to
contact the study centre if they are accidentally left at
room temperature for more than 2 days, or left in the hot
sun for 30min or more; under these circumstances, re-
placement capsules will be issued. Participants will be
instructed to take one capsule a day and avoid taking the
capsule 10min before or after eating or drinking hot
substances.
Throughout the study, Fonterra Co-Operative Ltd will

test capsules returned from the field to ensure probiotic
viability is maintained at a minimum of 6 × 109 cfu.

Study cereals
Cereals were chosen as the delivery method for the β-
glucan prebiotic intervention to enable an adequate dose
to be administered in the intervention cereal. In
addition, cereals can be administered as a food in a
range of formats to increase the variety of options for
participants.
The active cereal contains 40 g Uncle Toby’s Flemings

Rolled Oats (manufactured by Nestle Australia) and 8 g of
OatWell® 28XF oatbran (supplied by DSM Nutritional
Products Ltd, Switzerland) or 8 g SWEOAT Bran BG28
XF (the same product; supplied by Swedish Oat Fiber AB,
Sweden) (www.sweoat.com). Total β-glucan dose is 4 g.
Oatwell 28/SWEOAT Bran BG28 XF is a heat-treated
extra-fine oatbran containing 28% high-viscosity-solubility
and high-molecular-weight (> 2000 kDa) β-glucan.
The control cereal contains 35 g cornflakes (manufac-

tured by Sanitarium Health and Wellbeing, Auckland,
New Zealand) and 8 g non-dairy creamer (C35;

manufactured by Shantou City Chenghai District Wen-
hui Food Co. Ltd, China).
Cornflakes and creamer were chosen as the control

cereal as they are expected to have minimal prebiotic
effect. Having a control cereal and powder enhances the
study design by enabling some masking of which cereal
contains the active interventions. Active and control
ereals are calorie matched. See Additional file 1 for com-
parison of cereal nutritional values.
HealthPak Ltd, Penrose, Auckland, New Zealand, will

pack the study cereals and supply them in single-serve
daily portions. To ensure precise dosing, each individual
daily serving contains two opaque packs, one containing
the course-grained cereal (oats/cornflakes) and a smaller
sachet containing the powder (β-glucan or non-dairy
creamer) The two sachets which together constitute a
daily serving of cereal are enclosed together in a clear
outer package.
Study participants take the full contents of one cereal

pack daily for 6 months. Cereals will be used as a re-
placement for some aspect of the participant’s normal
diet, may be taken at any time of the day, and may be
taken at a different time to the study capsule if desired.
Standard instructions include avoiding or minimizing
the addition of sugar, honey, or golden or maple syrup
to the cereals to no more than a teaspoon. A recipe card
containing serving suggestions will be supplied to each
participant. These suggestions were designed through
consultation with the ethnic groups known to be at
higher risk of diabetes in New Zealand. Recipes are
designed to encourage compliance with the study cereals
by providing a variety of ways to take the cereals (e.g.
hot, cold, or as a smoothie), appeal to differing ethnic
food preferences, and actively encourage the use of
whole foods to flavour the cereals.

Concomitant care
To ensure all participants have access to a similar base-
line knowledge of pre-diabetes, all participants will be
given a standard information pamphlet about pre-dia-
betes at the enrolment visit. Study participants will be
advised to use the study interventions daily (as described
above), and apart from this to continue with their
current routines. All participants will be given a record
of their anthropometric measures at each study visit.
Physical activity levels and dietary intake will be mea-
sured by the Stanford Leisure-Time Activity Categorical
Item questionnaire (L-Cat 2.2) [38] and 3-day diet diary
at every study time point. These data will be used in the
analysis to control for the effects of changes in activity
and diet.
Throughout the study, all participants will continue

with their usual healthcare provided by their general
practitioner. Any change to care such as commencing
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medications which may impact on study outcomes will
be collected and adjusted for during the analysis.

Adverse effects and modification to study interventions
In previous HN001 studies we have found the probiotic
to be safe and well tolerated [20, 39].
All components of the cereal interventions are mar-

keted for human consumption and are therefore not a
safety risk. While some individuals require gradual in-
creases when introducing a higher level of fibre into
their diet, consumption up to 10 g β-glucan daily is gen-
erally tolerated [30]. β-glucans undergo fermentation in
the colon, and participants may experience flatulence,
bloating, or alteration in bowel habits [30]. Any gastro-
intestinal effects of interventions will be systematically
assessed in questionnaires included in the 3-, 6-, and 9-
month follow-up visits.
If any participant reports gastrointestinal symptoms

which may relate to the study interventions that are
causing discomfort, pain, or impacting on the partici-
pant’s ability to take the study interventions, and are not
severe enough to require medical review, the following
procedure will be followed:

1 Discontinue both capsule and cereal interventions
until symptoms settle. In instances where
participants clearly relate symptoms to the cereal
then they stop the cereal only and continue with
the capsule.

2 If symptoms resolve, then they recommence
capsules only and continue for a few days to check
that no symptoms return.

3 If capsules are tolerated, they begin to reintroduce
the cereal. Start the cereal reintroduction by mixing
powder with cereal and taking half of the total dose
only. Then, after a few days and if tolerated well,
gradually increase the dose to the full amount.

4 If at any point symptoms return, they reduce the
dose to the level that they can tolerate.

5 If required, to improve tolerability the daily
cereal dose may be taken in part doses spread
over the day.

6 It is very unlikely that participants would not be
able to tolerate either of the interventions; however,
should this occur the participant will be encouraged
to continue in the study with interventions at levels
they can tolerate, and to ensure outcome data are
collected for an intention-to treat analysis.
Compliance with the interventions will be collected
(see below).

7 If symptoms do not resolve on discontinuation of
study capsule and cereals, then advise participant to
see their usual healthcare provider for further
advice and investigation; withhold study

interventions until a diagnosis is made and the
symptoms are resolved. Then consider
reintroduction as per 2–5 above.

Adherence to study interventions
Multiple strategies will be used to encourage and moni-
tor adherence to the study interventions. Clear verbal
and written instructions will be provided at the enrol-
ment and 3-month visit. Discussion will include assess-
ment of lifestyle patterns and how best to remember to
take study capsules, and how to integrate cereals into
the individuals’ pattern of eating. Practical aids will be
offered, including recipe sheets, a blender for making
smoothies, and a reusable 1-week medication dispenser
to assist with recalling if the daily capsule has been
taken. Two weeks after commencing the study all partic-
ipants will be contacted to assess how they are managing
with taking the interventions; further individualized
coaching will be provided if required. In addition, similar
discussions will occur at any other time a participant in-
dicates this is needed, and routinely to all participants at
the 3-month visit to encourage ongoing adherence.
All unused study capsules and cereals will be returned

and counted.

Outcome measures
The primary outcome is HbA1c after 6 months. HbA1c
is chosen as it is currently the most commonly used
diagnostic test for pre-diabetes and T2DM in New Zea-
land [40], and therefore has the most direct relevance to
clinical practice.
Secondary outcomes include HbA1c after 3 months

and 9 months, which is 3 months after the cessation of
the interventions to check if there are persistent effects.
Other secondary outcomes include fasting glucose, insu-
lin resistance measured by homeostatic model assess-
ment, fasting lipid profiles, mean systolic and diastolic
blood pressure, and anthropometric measures (waist
size, body weight, and body mass index (BMI)) at 3 and
6 months. Psychological outcomes include symptoms of
depression, anxiety, and stress measured on the short-
ened version of the Depression Anxiety Stress Scale
(DASS 21) [41] and health-related quality of life mea-
sured by the short-form health survey version 2 for New
Zealand/Australia (SF-36) [42] after 6 and 9 months
only. See Table 1 for a summary of outcome measures,
and Table 2 for a summary of questionnaire vari-
ables. Study questionnaires were pre-tested during the
study set up.

Sample size
There are few published studies reporting HbA1c
change following lifestyle or pharmaceutical intervention
in pre-diabetes. For example, a trial in those with pre-
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diabetes by Defronzo et al. [53] on a drug intervention
using pioglitazone reported a point estimate of the re-
duction in HbA1c of 0.24% (2.6 mmol/mol) relative to
placebo. In T2DM a clinically important difference with
drug interventions is 5 mmol/mol. Past research reports
an SD for HbA1c in similar clinical samples to those
with pre-diabetes of between 4 and 6mmol/mol [54].
Based on the larger of these SDs, a sample size of 32 in
each main effects arm has 90% power to detect a 5
mmol/mol reduction with a type I error rate of 5%. Ac-
counting for 25% drop-out, a total sample size of 88 is
needed (22 in each factorial combination). The power to
detect differences is likely to be improved using baseline
HbA1c as a continuous covariate. However, an uncer-
tainty for this study is whether the minimal clinically im-
portant difference for reduction of HbA1c in the setting
of pre-diabetes should be anticipated to be closer to that
seen in the pioglitazone study (increasing the required

sample size), and that the SD for the HbA1c is likely to
be smaller in pre-diabetes than in T2DM (decreasing the
required sample size). For 80% power to detect a differ-
ence of 2.6 mmol/mol with an SD of 4 and 25% drop-
out, a total recruitment of 92 is needed, and for 90%
power n = 136. For a difference of 3.8 mmol/mol, half-
way between the two values, and the larger SD of 6, a
total sample size of 152 participants with 38 in each
factorial combination will be recruited for this study.

Analysis plan
All primary analyses will be based on intention-to-treat
principles with all individuals analysed in the group to
which they were randomized. Demographic and baseline
characteristics will be summarised using descriptive sta-
tistics. The primary outcome is HbA1c at 6 months. The
primary analysis for the main outcome variable will be
analysis of covariance (ANCOVA) with the baseline

Table 1 Summary of outcome measures

Outcomes Time point Measurement

Primary outcome

HbA1c At 6 months Measured from whole blood from K2EDTA tube on a Cobas c 311, Roche Diagnostics, Auckland, New
Zealand

Secondary outcomes

HbA1c At 3 and 9
months

Measured from whole blood from K2EDTA tube on a Cobas c 311, Roche Diagnostics, Auckland, New
Zealand

Fasting plasma glucose At 3, 6, and 9
months

Measured from plasma from fluoride/oxalate tube on a Cobas c 311, Roche Diagnostics, Auckland, New
Zealand

Fasting insulin Measured from plasma from K2EDTA by Human/Canine/Porcine Insulin DuoSet ELISA R&D Systems Inc.

HOMA-IR Calculated as HOMA = (glucose (mmol/l) x insulin (pmol/l))/22.5 [43]

Fasting lipid profiles Measured from fasting serum from SST II Advance Tube as total cholesterol, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol, and triglycerides. Measured on a Cobas c 311, Roche
Diagnostics, Auckland, New Zealand

Blood pressure At 3 and 6
months

Measured as mean systolic and mean diastolic blood pressure using standard calibrated electronic
sphygmomanometer and protocol*

Weight Measured in kg using standard calibrated electronic equipment and protocol*

Waist circumference Measured in cm using standard equipment and protocol*

Body mass index Calculated as weight (kg)/height (m)2

Depression, anxiety,
and stress scores

At 6 and 9
months

Measured using DASS 21. The DASS is a set of three self-report scales designed to measure states of
depression, anxiety and stress. It has validated psychometric properties, with good test–retest properties
in both clinical and community populations, and is robust across a range of demographic variables
[44–48]

Physical and emotional
well-being

Measured using SF-36. The SF-36 is a self-completed questionnaire, relating to physical and emotional
health over the past 4 weeks. It is a well-validated scale, with good psychometric properties, widely
used as a health outcome measure [42, 49–51]. Raw data will be uploaded and analysed on the
‘QualityMetric Health Outcomes TM scoring software 5.1. Permission to use granted on 13 December 2017

Other outcomes

Adverse events At 3, 6, and 9
months

Hospitalizations

Gastrointestinal symptoms and bowel function

Compliance At 3 and 6
months

Calculated based on return of unused cereal and capsules

*See Additional file 2 for equipment and protocols for anthropometric and blood pressure measures
DASS 21 Shortened version of the Depression Anxiety Stress Scale, HbA1c glycated haemoglobin, HOMA-IR homeostatic model assessment of insulin resistance, SF-
36 Short-form health survey version 2 for New Zealand/Australia
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Table 2 Summary of questionnaire variables

Questions Time point collected Details Source

Demographics Baseline Name, address, date of birth, ethnicity, income,
educational qualifications

Questions based on Statistics New Zealand
Census questions 2013, available from http://
archive.stats.govt.nz/Census/2013-census/info-
about-the-census/forms-guidenotes.aspx.

Diabetes and
cardiovascular
disease risk factors

Baseline History of first-degree relative with type 2
diabetes mellitus. Personal history of gestational
diabetes, or polycystic ovarian disease (females
only), hypertension, dyslipidaemia, myocardial
infarction, stoke, mental illness, ethnicity, smoking

Questions based on Ministry of Health 2016
New Zealand Health Survey Adult
Questionnaire (Year 6) 1 July 2016–30 June
2017 with some specific additions. New
Zealand Health survey available from https://
www.health.govt.nz/publication/content-
guide-2016-17-new-zealand-health-survey

History of mental
health disorders

Baseline and at 6 and 9
months if newly
diagnosed since
previously collected

History of anxiety, depression, or other mental
health illness; current treatments used

Questions based on Ministry of Health 2016
New Zealand Health Survey Adult
Questionnaire (Year 6) 1 July 2016–30 June
2017 with some specific additions. New
Zealand Health survey available from https://
www.health.govt.nz/publication/content-
guide-2016-17-new-zealand-health-survey

Recent major
stressful life events

Baseline and at 6 and 9
months

History of stressful life events occurring in the
preceding 12months at baseline, and since last
recorded at subsequent time points

The Life Stress scale is adapted from the
Pregnancy Risk Assessment Monitoring System
(Centers for Disease Control and Prevention,
2009), and is a 13-item measure included to
address the occurrence of recent stressful
experiences

Medications All Name, dose, frequency, route of all prescribed
medications (except topical), and specific over-
the-counter medications

Developed by researchers coded according to
World Health Organization Anatomical
Therapeutic Chemical Classification System with
Defined Daily Doses [52]

Supplement use All Confined to probiotics, prebiotic/fibre, fish oils,
and plant sterols supplements; name, frequency
of use, types of probiotics and prebiotics
contained in relevant supplements

Developed by researchers

Background use of
foods which may
impact outcomes

All Confined to foods containing probiotics (yogurt
and other fermented foods), oats/corn, artificial
sweeteners, foods enriched with plant sterols;
frequency of use in past month (at baseline) or
since previous visit (all other time points)

Developed by researchers

Professional
lifestyle
modification or
mental health
advice

All Has participant received professional advice about
lifestyle interventions or mental health (in
previous 12 months at baseline, and since last
collected at other time points)

Created by researchers based on questions
from Ministry of Health 2016 New Zealand
Health Survey Adult Questionnaire (Year 6) 1
July 2016–30 June 2017 with some specific
additions. New Zealand Health survey available
from https://www.health.govt.nz/publication/
content-guide-2016-17-new-zealand-health-
survey

3-day food diary All All foods and drinks including quantities and
methods of preparation over 3 days

Data entered into Foodworks 9 (Xyris Software
Australia Pty Ltd)

Physical activity
measure

All Six-point descriptive categorical scale used to
assess levels of activity, and in relation to
recommended activity guidelines. Categories
broadly match activity intensity based on
metabolic equivalents.

Stanford Leisure-Time activity categorical Item
(L-Cat 2.2) [38]

Smoking All Classification as non-smoker, ex-smoker, or current
smoker and intensity of current smoking

Developed by researchers

Alcohol and
recreational drug
use

Baseline and at 6 and 9
months

Frequency of alcohol use and number standard
drinks taken of a typical day. Use of substances
for recreational or non-medicinal purposes to get
high. Identifies substances used and frequency of
use

Questions based on Ministry of Health 2016
New Zealand Health Survey Adult
Questionnaire (Year 6) 1 July 2016–30 June
2017 with some specific additions. New
Zealand Health survey available from https://
www.health.govt.nz/publication/content-
guide-2016-17-new-zealand-health-survey

Gastrointestinal At 3, 6 and 9 months Changes in frequency of gastrointestinal Developed by researchers
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measurement of HbA1c as a continuous covariate, and
the randomized treatments as main effects, and their
interaction as categorical explanatory variables. Adjusted
analyses will be conducted to include potential baseline
confounding variables (BMI, level of exercise and total
daily energy intake), and whether medications that could
affect glucose metabolism were used after
randomization. The effect of change in weight, change
in exercise, and change in total daily energy intake be-
tween baseline and 6 months on HbA1c will also be ex-
plored using ANCOVA. A linear mixed model using all
of the three HbA1c measurements and an appropriate
random effects structure to account for correlation be-
tween repeated measurements, and using HbA1c at
baseline as a continuous covariate, will be used as a sen-
sitivity analysis for the effect of the randomized treat-
ments. Subgroup analysis will use interaction terms
(with treatment) for whether treatment effects vary by
ethnicity, sex, or socioeconomic status.
Secondary outcome variables will be analysed in a

similar way, with the most important outcomes for each
being the 6-month time point. All outcome variables will
be analysed with their baseline value as a continuous co-
variate. Subsequent sensitivity analyses will be guided by
the outcome of this, with the introduction of relevant
baseline covariates for each outcome variable. Factors
which may affect mental health and well-being outcomes
such as alcohol, recreational drug use, and life stressors
will be described and considered in the analysis. Add-
itional file 3 contains tables for baseline characteristics
and results.

Study sequence
Figures 1 and 2 represent the study sequence and time-
lines for procedures, respectively. Additional file 4 con-
tains the Standard Protocol Items: Recommendations for
Interventional Trials (SPIRIT) Checklist.

Recruitment
Multiple recruitment strategies will be used to recruit
participants to the study. Working with local primary
health organizations, individuals with pre-diabetes will

be invited by letter to join the study. In addition, the
general public will be notified about the study through
study posters, study information sessions, relevant email
lists, and other hardcopy and online media.
All those expressing an interest in the study will be

assessed for eligibility by a screening questionnaire and
measurement of HbA1c.

Information and consent
Potential participants will be provided with trial informa-
tion through study videos available on a study website,
written information and consent forms, and detailed
discussions with field staff prior to screening and study
enrolment. Information and consent forms will cover par-
ticipation in the F4H study, and a separate information
and consent form for the collection of additional bio-
logical samples (faecal samples and blood) to be bio-
banked for later analysis.
Field research staff will obtain formal written informed

consent at the commencement of the enrolment visit.
Participants will attend four morning study visits in a
fasted state. See Fig. 2 for the study timeline.

Data and sample collection
Study data will be collected and managed using Research
Electronic Data Capture (REDCap) tools hosted at the
University of Otago, Dunedin, New Zealand. REDCap is
a secure, web-based application designed to support data
capture for research studies, providing: 1) an intuitive
interface for validated data entry; 2) audit trails for
tracking data manipulation and export procedures; 3)
automated export procedures for seamless data down-
loads to common statistical packages; and 4) procedures
for importing data from external sources. Field staff will
complete the majority of data input; however, partici-
pants will self-complete the more sensitive questions on-
line. These include the DASS 21, SF36, income,
smoking, alcohol, drug use, mental health history, phys-
ical exercise, and bowel symptom questions. In addition,
the 9-month data collection will not require a face-to-
face visit with the field staff. Apart from those who are
unable to complete questionnaires electronically and

Table 2 Summary of questionnaire variables (Continued)

Questions Time point collected Details Source

symptoms symptoms including nausea/vomiting, stomach
aches, cramps, or pain, bloating or swollen
stomach/abdomen, and bowel motions.
Evaluation of impact of any changes in bowel
pattern.

Hospitalizations At 3, 6 and 9 months Hospitalizations since previous visit (excluding
elective surgery and outpatient appointments)

Developed by researchers

Use of reduced
dose of cereals

At 3 and 6 months Yes/no question to determine if participant
usually takes half or less of the daily dose of corn/
oats, and powder sachet

Developed by researchers
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require a telephone interview, participants will complete
all 9-month questionnaires online.
Field staff will use inbuilt REDcap data queries to

check the completeness of all data and inbuilt range
checks will be used to prevent data entry errors. Any
changes to data will be recorded in the REDcap data log,
and records of any data, which is checked or amended,
will be completed using the REDcap database’s data
query system.

Staff training
To ensure that high-quality and consistent data are col-
lected, all field staff will be trained in the administration

of study questionnaires and assessments of physical
measures according to standard study protocols.
Field staff will instruct the participant on the comple-

tion of the SF36 using standard recommended proce-
dures [42]. Anthropometric and blood pressure data will
be collected using clearly defined protocols, standardized
and calibrated equipment, and with duplicate readings
and range checks to ensure data reliability. See Add-
itional file 2 for equipment and protocols for anthropo-
metric and blood pressure measures.
Staff trained in phlebotomy procedures will collect

fasting blood according to a standardized protocol. After
centrifuging, aliquots of serum or plasma will be stored

Fig. 1 Flow chart of study. BMI body mass index, BP blood pressure, HbA1c glycated haemoglobin, HN001 Lactobacillus rhamnosus HN001
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at −80 °C until processed. Analysis will be performed in
batches containing all of an individual’s samples to
minimize measurement error due to batch variability.
Those consenting to the collection of faecal samples will
collect these samples in the 2–3 days prior to each study
visit immediately after completing the 3-day food diary.
See Additional file 5 for details on the blood and faecal
sample collection and quality-control protocols.

Protocol deviations
Any participants who temporarily or permanently cease
taking study interventions will be encouraged to remain in
the study and data will be collected as per protocol. If
such participants are unwilling to complete all further as-
sessments, the first priority will be collection of primary
outcome data (HbA1c at 6months and related questions),
followed by all other 6-month data. If participants with-
draw completely, data collected to the time of their with-
drawal will be included in the intention-to-treat analysis,
and reasons for withdrawal will be reported.

Access to data
Only fieldworkers will have direct access to the study
database. Participants will be allocated a unique study
code, and data will be de-identified prior to export from

the database or analysis. Data will be stored securely for
at least 10 years and a possible indefinite period follow-
ing this in accordance with the consent procedures for
this study.

Data monitoring
Due to the low-risk nature of the project, internal safety
and data monitoring will occur by the named investiga-
tors. There will be no interim analysis of results and
trial-stopping guidelines are considered unnecessary.
To monitor the study, reports of any participants ceas-

ing the interventions and reasons for this will be presented
at monthly meetings, and further investigations made if
any concerns are identified. If for any reason unbinding to
study capsule allocation is required, this will be done by a
non-fieldworker contacting the randomization code
holder at Fonterra Co-Operative Ltd.
Analysis of HbA1c, lipids, and mental well-being out-

comes will occur after all participants have completed
the 6-month intervention to inform the qualitative study
and economic analysis (see below).

Qualitative study
The accompanying qualitative study aims to explore
whether participants in the β-glucan-based cereal arms

Fig. 2 Study timeline and procedures. a Washout period of 1 month if subject has used probiotic supplements, systemic antibiotics, or short-term
systemic steroids prior to enrolment. b Discussions/contacts to maintain adherence and study participation. c Shortened version of the Depression
Anxiety Stress Scale (DASS 21) and Short-form health survey version 2 for New Zealand/Australia (SF-36). d Stanford Leisure-Time activity categorical
Item (L-Cat 2.2). e Weight, height (and body mass index), blood pressure. f Glycated haemoglobin (HbA1c), fasting glucose, insulin, and lipids and
additional bloods bio-banked for mechanistic studies. g Faecal samples to enable examination of possible mechanistic effects of study interventions
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find interventions acceptable or not in order to enhance
the robustness of the study findings and inform transla-
tion to real-life settings [55–58]. The qualitative study
will include: 1) approximately 24 qualitative semistruc-
tured interviews with participants from the two β-glucan
cereal arms of the randomized controlled study, and the
same participants will join one of four focus groups; and
2) three focus groups each with about eight to ten health
professionals to discuss how they might translate the
findings into long-term use in real-life clinical settings.
It is intended that the qualitative data be collected in
tandem with quantitative methods and purposefully inte-
grated into study findings [59, 60].

Participants
A purposive sample of around 24 participants, six each
from Māori, Pacific, South Indian and other ethnic
groups enrolled in the β-glucan cereal arms, will be in-
vited to join the qualitative study. We will use diversity
sampling to include a gender, age, education, and socio-
economic mix. Participants will be asked to take part in
an individual interview at 2 months and join one of four
focus groups at around 6months following completion
of the intervention.
A purposive sample of health professionals will be in-

vited to join the study as part of three focus groups. Diver-
sity sampling will include a range of health promoters,
community health workers, dieticians, health navigators,
general practitioners, nurses, and pharmacists.

Data collection
A combination of individual interviews and focus groups
will be used. Individual interviews allow one-to-one en-
gagement, whereas focus groups prompt for additional
information/revelations through social interaction not
likely elicited individually [61]. The face-to-face audio-
recorded individual interviews will follow a semistruc-
tured interview schedule. Questions will include how the
interventions have been used, factors which may influ-
ence adherence, social and cultural beliefs about food,
health, probiotics, pre-diabetes, diabetes, food, and
health literacy, as well as potential for behaviour change
and self-management. The focus group interview sched-
ule will be informed by the data from the individual in-
terviews and will further explore the acceptability of the
interventions, real-world experience, differences between
Māori, Pacific, South Indian and other ethnicities, and
forecast how the interventions could be used in the long
term. Focus groups with health professionals will explore
their views on the acceptability of the intervention, bar-
riers or facilitators to implementation, and draw on their
experiences working with people with pre-diabetes or
diabetes in general.

Analysis
The interviews will be transcribed verbatim. Transcripts
will be imported into Nvivo 11 and a researcher (JH) will
code in two ways: first, according to the content frame-
work of questions [62, 63]; and second, according to
meaning units and themes [64, 65]. The coding will then
be shared with the research team (EM, BG, and SP), and
consensus will be obtained through discussion and the
testing of examples to ensure reliability.

Economic analysis
The aim of the economic analysis is to model the poten-
tial cost-effectiveness of the intervention if it were im-
plemented in a wider New Zealand context. The change
in HbA1c, BMI, blood pressure, and serum total choles-
terol observed at 6-month follow-up in the randomized
controlled trial will be used in the model as estimates of
the effectiveness of the intervention. These changes in
risk factors will be modelled through to a change in inci-
dence of the relevant diseases and then onto changes in
quality-adjusted life years (QALYs), costs or cost savings
to the health system (in 2011 New Zealand dollars; NZ$)
and incremental cost-effectiveness ratios which show the
health system cost per QALY gained. A health system
perspective will be used, and benefits and costs will be
modelled using a lifetime horizon. Outputs will be dis-
counted at 3%.
The intervention will be modelled using a multi-state

life-table (MSLT) model populated with rich New
Zealand health data. An existing MSLT model, which is
parameterised for the whole of the New Zealand popula-
tion [66, 67], will be re-parameterised to the New
Zealand population with pre-diabetes using data from
routinely collected administrative health data (Health-
tracker and the Integrated Data Infrastructure) and the
Adult Nutrition Survey 2008/2009. In order to estimate
the difference in QALYs and health system costs be-
tween the model’s intervention and business-as-usual
(BAU) comparator, the entire New Zealand population
alive in 2011 will be simulated out until death.
The BAU model uses projected all-cause mortality and

morbidity rates by sex, age, and ethnicity (Māori and
non-Māori). The model includes 14 diseases related to
the included risk factors where proportions of the popu-
lation simultaneously reside: coronary heart disease
(CHD), stroke, T2DM, osteoarthritis, and multiple can-
cers (i.e. endometrial, kidney, liver, oesophageal, pancre-
atic, thyroid, colorectal, breast, ovarian, and gallbladder).
The proportion of the New Zealand population in each
disease life-table is a function of the disease incidence,
case fatality, and remission (the latter in cancers only).
Morbidity will be quantified (separately by sex, age, and
ethnic group) for each disease using the years of life
lived with disability (YLDs) from the New Zealand
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Burden of Disease Study divided by the population count
to give prevalent YLDs. Disability weights from the Glo-
bal Burden of Disease Study 2010 will be used to esti-
mate the health status valuation of these YLDs [68].
Relative risks for the association between the relevant

risk factors (HbA1c, BMI, blood pressure, and serum
total cholesterol) and disease incidence will be sourced
from the Global Burden of Disease study [69] or recent
meta-analyses. These relative risks will be combined
with the changes in risk factors through population im-
pact fractions [70] to give the proportionate change in
future disease incidence. The model will also capture the
change in CHD and stroke incidence from the changing
incidence of diabetes.
Time lags from the change in intervention-related risk

factors to change in disease incidence is allowed for by
using the average risk factor change over a previous win-
dow of time of 0 to 5 years for CVD, diabetes, and
osteoarthritis, and 10 to 30 years for cancers. Probabilis-
tic uncertainty about the boundaries (5, 10, and 30 years)
will also be specified.
The proportionate change in disease incidence

changes the ‘inflow’ to each of the multiple parallel dis-
ease sheets in the model. Each 5-year age cohort alive in
2011 is modelled out until their death in one ‘overall’
master life-table. The cohort is rewarded with health (i.e.
QALYs) and health system costs in each annual cycle.
This ‘overall’ master life-table has annual mortality, mor-
bidity and costs that are mathematically linked to the
multiple parallel disease life-tables. As the inflow (i.e.
disease incidence) to a parallel disease life-table reduces
(e.g. falling diabetes incidence), this reduces the morbid-
ity, mortality, and costs of disease.
Health system costs (sex- and age-specific) will be calcu-

lated in 2011 NZ$ using individually linked data for pub-
licly funded (and some privately funded) health events
occurring in 2006–2010, including hospitalizations, in-
patient procedures, outpatients, pharmaceuticals, labora-
tories, and expected primary care usage. Building on an
existing framework [71] for calculating the timing of
health system costs, the whole cohort will be assigned a
sex- and age-specific annual health system cost of a citizen
without an intervention-related disease and not in the last
6 months of their life. Additional disease-specific excess
costs will be assigned to people: 1) in the first year of an
intervention-related disease diagnosis; 2) in the last 6
months of life if dying of the given disease; and 3) other-
wise prevalent cases of each disease. Costs will be mod-
elled over the lifetime of the cohort, including costs both
related and unrelated to the modelled diseases (meaning
increased longevity due to the intervention will contribute
to increased health system costs for some cohort mem-
bers). How the intervention will be scaled up to the na-
tional level will be conceptualised, including estimating

the cost of the intervention (see Cleghorn et al. [66] for an
example of our methods). These estimates will be used in
the model as estimates of the proportion of the total pre-
diabetic population in New Zealand that will receive the
intervention.
The excel model will be run 2000+ times using Monte

Carlo simulation through an Ersatz add-in which sam-
ples from the uncertainty interval around each input
parameter. This allows the calculation of QALYs and
costs with the appropriate amount of uncertainty. Results
from this programme of research will be disseminated
widely. See Additional file 6.

Discussion
Type 2 diabetes is one of the most important long-
term health conditions in the world, with major im-
pact on lives of individuals and a burden to health
systems. Pre-diabetes offers an opportunity to inter-
vene to prevent the progression to T2DM. Although
diet and lifestyle interventions have been shown to be
efficacious, widespread effectiveness of these has been
challenging. Therefore, any additional effective inter-
vention which is acceptable and accessible will be
very valuable. In addition, depression and anxiety are
also important and increasing long-term conditions,
which similarly require additional effective interven-
tions. The role of the gut microbiome in health is
rapidly becoming more apparent, and interventions
that can modify the microbiome are showing promise
in multiple health conditions. Both probiotics and
prebiotics have the potential to do this and form the
basis of the intervention in this study.
This paper describes the protocol of a mixed-methods

study including a randomized controlled trial of the pro-
biotic HN001 compared with placebo in a 2 × 2 factorial
design with an active prebiotic cereal and a control
cereal. The study also includes a qualitative study to en-
rich the findings of the quantitative study and inform
the translation of the findings into real-world practice.
In addition, an economic analysis will provide the cost-
effectiveness of the intervention to inform funders. If ef-
fective, this intervention would be a simple, additional
treatment option for people with pre-diabetes that could
be promoted within primary care, and also at a public
health level.

Trial registration
This trial was prospectively registered on 10 July 2017
on the Australian New Zealand Clinical Trials Registry,
registration ACTRN12617000990325. See https://www.
anzctr.org.au/ACTRN12617000990325.aspx. The Uni-
versal Trial Number of this trial is U1111-1195-7561.
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Trial status
This paper is based on protocol version 2.1 dated 28
September 2018. Recruitment began in February 2018,
and approximate date of completion is April 2019. Any
significant protocol modifications will be notified to the
ethics committee and updated on the Australian New
Zealand Clinical trial registry.
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