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Abstract

Background

Fibre is promoted as part of a healthy dietary pattern and in diabetes management. We
have considered the role of high-fibre diets on mortality and increasing fibre intake on gly-
caemic control and other cardiometabolic risk factors of adults with prediabetes or diabetes.

Methods and findings

We conducted a systematic review of published literature to identify prospective studies or
controlled trials that have examined the effects of a higher fibre intake without additional die-
tary or other lifestyle modification in adults with prediabetes, gestational diabetes, type 1 dia-
betes, and type 2 diabetes. Meta-analyses were undertaken to determine the effects of
higher fibre intake on all-cause and cardiovascular mortality and increasing fibre intake on
glycaemic control and a range of cardiometabolic risk factors. For trials, meta regression
analyses identified further variables that influenced the pooled findings. Dose response test-
ing was undertaken; Grading of Recommendations Assessment, Development and Evalua-
tion (GRADE) protocols were followed to assess the quality of evidence. Two multicountry
cohorts of 8,300 adults with type 1 or type 2 diabetes followed on average for 8.8 years and
42 trials including 1,789 adults with prediabetes, type 1, or type 2 diabetes were identified.
Prospective cohort data indicate an absolute reduction of 14 fewer deaths (95% confidence
interval (Cl) 4—19) per 1,000 participants over the study duration, when comparing a daily
dietary fibre intake of 35 g with the average intake of 19 g, with a clear dose response rela-
tionship apparent. Increased fibre intakes reduced glycated haemoglobin (HbA1c; mean
difference [MD] —2.00 mmol/mol, 95% CI -3.30 to —0.71 from 33 trials), fasting plasma glu-
cose (MD —0.56 mmol/L, 95% CI —0.73 to —0.38 from 34 trials), insulin (standardised mean
difference [SMD] -2.03, 95% Cl -2.92 to —1.13 from 19 trials), homeostatic model assess-
ment of insulin resistance (HOMA IR; MD —1.24 mg/dL, 95% CI —1.72 to —0.76 from 9 trials),
total cholesterol (MD —0.34 mmol/L, 95% Cl —0.46 to —0.22 from 27 trials), low-density lipo-
protein (LDL) cholesterol (MD —0.17 mmol/L, 95% CI —0.27 to —0.08 from 21 trials), triglycer-
ides (MD —0.16 mmol/L, 95% CI —0.23 to —0.09 from 28 trials), body weight (MD —0.56 kg,
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95% CI -0.98 to —0.13 from 18 trials), Body Mass Index (BMI; MD -0.36, 95% CI —0-55 to
-0-16 from 14 trials), and C-reactive protein (SMD -2.80, 95% CI —4.52 to —1.09 from 7 tri-
als) when compared with lower fibre diets. All trial analyses were subject to high heterogene-
ity. Key variables beyond increasing fibre intake were the fibre intake at baseline, the global
region where the trials were conducted, and participant inclusion criteria other than diabetes
type. Potential limitations were the lack of prospective cohort data in non-European coun-
tries and the lack of long-term (12 months or greater) controlled trials of increasing fibre
intakes in adults with diabetes.

Conclusions

Higher-fibre diets are an important component of diabetes management, resulting in
improvements in measures of glycaemic control, blood lipids, body weight, and inflamma-
tion, as well as a reduction in premature mortality. These benefits were not confined to any
fibre type or to any type of diabetes and were apparent across the range of intakes, although
greater improvements in glycaemic control were observed for those moving from low to
moderate or high intakes. Based on these findings, increasing daily fibre intake by 15 g or to
35 g might be a reasonable target that would be expected to reduce risk of premature mor-
tality in adults with diabetes.

Author summary

Why was the study done?

« Higher intakes of dietary fibre are associated with a reduction in premature mortality
and incidence of a wide range of noncommunicable diseases and their risk factors in the
population at large. We have considered the role of high-fibre diets on mortality and
increasing fibre intake on cardiometabolic risk factors of adults with prediabetes or
diabetes.

o We conducted a systematic review and meta-analyses to inform an update of European
nutrition guidelines for diabetes management.

What did the researchers do and find?

« We examined prospective cohort studies of dietary fibre intake and mortality as well as
controlled trials, which considered the effects of increasing fibre intakes on glycaemic
control and risk factors for cardiovascular disease. We explored dose response relation-
ships between dietary fibre and these outcomes to determine a more reliable estimate
for recommended intakes.

« We found that participants in prospective cohort studies consuming higher intakes of
dietary fibre had a reduced risk of premature mortality when compared with those with
lower fibre intakes.
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« We also found that the results from controlled trials were complementary, with increas-
ing intake of fibre improving glycaemic control and other risk factors for cardiovascular
disease, such as cholesterol levels and body weight.

What do the findings mean?

« Those with prediabetes, type 1, or type 2 diabetes should increase their dietary fibre
intakes by 15 g per day or to 35 g per day.

o One practical way to increase fibre intakes is to replace refined grain products with
whole grain foods.

Introduction

The observation derived from uncontrolled studies in the 1970s [1-3] that amongst people
with diabetes glycaemic control improved when dietary carbohydrate was increased, led to the
resurrection of an earlier suggestion [4] that a relatively high carbohydrate intake might be
preferable to what was then the cornerstone of dietary advice for diabetes, a low (typically
around 40% of total energy) carbohydrate diet [5]. Connor and Connor reached a similar con-
clusion based on the increased risk of coronary heart disease in people with diabetes and the
adverse effects on blood lipids of a low carbohydrate diet, which was typically high in saturated
fat [6].

Subsequent controlled trials confirmed the potential of relatively high- compared with low-
carbohydrate intake to reduce levels of glycated haemoglobin, improve diurnal blood glucose
profiles and levels of total and low-density lipoprotein (LDL) cholesterol in people with diabe-
tes [7-10]. However, these benefits were only apparent when the carbohydrate-containing
foods were rich in dietary fibre [11,12]. Other randomised trials and a 2013 systematic review
and meta-analysis of trials demonstrated in people with type 2 diabetes the benefit of dietary
fibre on glycaemic control when total carbohydrate intake remained constant [13,14]. There
have been 2 more recent reviews, one related to the effects of viscous fibre [15], and the other
was an umbrella review that did not provide any new analyses [16].

We have undertaken a systematic review and meta-analysis of dietary fibre in diabetes man-
agement. The inclusion of more trials and consideration of prospective cohort studies with
additional information obtained from the authors has enabled us to extend earlier observa-
tions and examine several additional issues relevant to nutrition recommendations for adults
with diabetes. We have explored whether dietary fibre also has the potential to improve glycae-
mic control in type 1 diabetes and prediabetes and favourably influence a range of cardiometa-
bolic risk factors in addition to glycaemic control (cholesterol [total, LDL, high-density
lipoprotein (HDL)], triglycerides, body weight, body mass index, waist circumference, fasting
insulin, homeostatic model assessment of insulin resistance [HOMA IR], blood pressure, and
C-reactive protein [CRP]). Examination of prospective data has enabled us to examine
whether these benefits translate into a reduction in morbidity and mortality. Our expanded
exploration of existing trials as well as cohort studies has permitted us to also examine, for the
first time to our knowledge, whether dose response relationships exist between dietary fibre
and a range of clinically relevant outcome measures and to provide a justification for a quanti-
tative recommendation for fibre intakes in diabetes management.
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Methods

We followed PRISMA reporting standards for systematic reviews and meta-analyses [17]. The
protocol for this systematic review was prospectively registered CRD42018089162.

PICO tables and eligibility criteria

The overall objectives of this systematic review and meta analysis were to determine whether
higher fibre intake has the potential to reduce risk of premature mortality, or whether increas-
ing fibre intake, regardless of source, improve glycaemic control or cardiometabolic risk fac-
tors in all types of diabetes regardless of treatment regimen. The PICO (Population,
Intervention, Control, and Outcomes) tables (S1 Appendix), agreed by a subcommittee of the
Diabetes and Nutrition Study Group of the European Association for the Study of Diabetes
(DNSG), were developed to address the research question ‘what is the role of high fibre diets
in diabetes management’. Prospective cohorts or studies nested in cohorts of adults with predi-
abetes or impaired glucose tolerance, gestational diabetes, or type 1 or type 2 diabetes that
reported all-cause or cardiovascular mortality were considered eligible. Controlled trials were
required to report on glycaemic control, insulin measures, blood lipids, adiposity, blood pres-
sure, or CRP. Parallel and crossover trials of at least 6 weeks duration in which the intervention
was an increase in whole grains or dietary fibre [18] were included. Six weeks was considered
by the DNSG subcommittee to be the minimum trial duration in which HbA1lc (the primary
outcome) may be expected to change. Adults identified as having prediabetes or impaired glu-
cose tolerance, gestational diabetes, or type 1 or type 2 diabetes, regardless of type of medica-
tion and presence of comorbidities were eligible. Eligible trials included studies in which foods
were provided or those in which dietary advice regarding fibre and whole grain was given with
no further instruction to change intake of macronutrients or energy. Trials comparing equiva-
lent amounts of one fibre type with another were not included.

Literature search

Eligible controlled trials and prospective cohort studies were identified in the same search,
using Cochrane search strategies [19]. OVID Medline, Embase, PubMed, and the Cochrane
Central Register of Controlled Trials were searched up to 18 January 2019. These searches
included a range of terms for diabetes or impaired glucose metabolism, dietary carbohydrate
and fibre, and trial design (available in full in S2 Appendix). This online strategy was aug-
mented by hand searches of reference lists to identify other potentially eligible publications.
Commercially available software was used to remove duplicates and aid screening [20]. No
date or language restrictions were applied.

Study selection, data extraction, and risk of bias assessment

Literature searches, identification of eligible studies, data extraction, and bias assessment
were undertaken independently by at least 2 researchers, with any discrepancies resolved
with an additional reviewer. Data were extracted using pretested forms [21]. For prospec-
tive cohort studies, the most adjusted values for effect size were extracted. For controlled
trials, we used baseline data and those from the last time point except for in sensitivity anal-
yses of trial duration in which we included data from any time point from 6-weeks trial
duration. We used the Newcastle-Ottawa Scale [22] to assess risk of bias of prospective
cohort studies and the Cochrane Collaboration’s tool for assessing risk of bias in rando-
mised trials [23].
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Data analysis

For prospective cohort studies, we received additional data from the authors, such as country-
specific effect size estimates. We considered the relationship between fibre intake and all-cause
or cardiovascular disease related mortality by comparing the highest intake quantile with the
lowest intake quantile [24]. Dose response relationships were considered with restricted cubic
splines in a two-stage, random effects model [25] after testing for linearity. We measured the
risk reduction in all-cause and cardiovascular mortality on the plotted line between an average
intake of 19 g per day [26] and the highest intake for which data were available.

For controlled trials, we analysed the mean difference between intervention and control
groups with generic inverse variance models and random effects. We used the mean difference
between change from baseline values when reported or calculated them with the reported data.
For trials with more than one eligible intervention, we have avoided a unit of analysis error by
splitting the size of the control group accordingly [19]. For outcomes reported in unique units,
we report the standardised mean difference. Correlation coefficients were obtained from pub-
lications when reported or imputed from the average of available correlation coefficients per
outcome.

The initial calculations for each trial outcome involved pooled data from all eligible studies.
However, given the broad nature of the research question, additional factors influencing the
initial findings could not be discounted. We considered these factors with a series of univariate
meta regression analyses to identify variables beyond the increase in fibre intakes. Variables
considered for each outcome were specified in the PICO table as potential sources of bias, trial
characteristics, participant characteristics such as diabetes type, or intervention parameters
such as the type of fibre prescribed. We ran additional meta regression analyses beyond those
stated in the PICO table to consider the generalisability of our results for patients with comor-
bidities. For trials, we used meta regression analyses with restricted cubic splines of the mea-
sured (preferred) or prescribed fibre increase, when available, as dose response testing. When
we identified an interaction with baseline fibre intake, we tested the fibre increase as a percent-
age of the baseline fibre intake.

For both prospective cohort studies and controlled trials, heterogeneity was assessed with
the I statistic [27] and the Cochrane Q test [28]. Sensitivity analyses were conducted when an
I statistic was found to be more than 50% or a p for heterogeneity of <0.10. The effect of each
individual study on the pooled result was considered with an influence analysis. This involved
the removal of intervention data from the pooled estimate one at a time. Small study effects,
as might be seen with publication bias, were assessed with Egger’s test [29] and the trim and
fill method [30]. Analyses were performed in Stata statistical software [31] or the ‘metafor’
package of R [32]. The most relevant analyses are presented in the results section and the full
analyses in the supplementary material (S3-S17 Appendices). We used Grading of Recom-
mendations Assessment, Development and Evaluation (GRADE) protocols [33] to calculate
absolute risk reductions and evaluate the quality of the body of evidence as either high, moder-
ate, low, or very low. Quality of the evidence was assessed by the research team and revised if
required after discussion with the DNSG.

Results

A flow chart of identified studies is shown in Fig 1. Data from 2 multicountry prospective
cohort studies including 8,300 adults with type 1 or type 2 diabetes residing in 22 countries fol-
lowed for a mean duration of 8.8 years [34,35] and 42 controlled trials with 1,789 participants
were included in the meta-analyses [36-76]. Trial size ranged from 8 to 185 participants, with
interventions increasing fibre intakes by 1 to 45 g per day. The vast majority of interventions
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11,678 identified up to 18 January 2019
e 5,059 OVID

e 3,178 PubMed

e 3,413 CENTRAL

e 28 additional searches

| 5,749 duplicates removed
5,929 excluded on title/abstract screening

209 full text articles assessed for eligibility
* 9 notin English

165 full text articles excluded

» 41 wrong design or inadequate data
—>| * 63 wrong intervention or comparison

» 30 wrong outcome or population

31 not peer-reviewed or duplicate data

v

44 included in meta analysis
3 T1 diabetes 2 prospective studies 12 fibre in foods
31 T2 diabetes 42 intervention trials 32 fibre supplements
7 prediabetes
3 pre or T2 diabetes

Fig 1. Flow chart indicating the process by which eligible prospective cohort studies and controlled trials were
identified.

https://doi.org/10.1371/journal.pmed.1003053.9001

were 6 to 12 weeks long (93%), with only 1 trial undertaken for a full year. No eligible trials of
women with gestational diabetes were identified. A description of identified prospective cohort
studies and controlled trials are available in the supplementary materials (S2 Appendix).

Mortality from prospective cohort studies

All-cause mortality was appreciably reduced when comparing the highest fibre intakes with
the lowest (relative risk (RR) 0.55, 95% CI 0.35-0.86, I> 0%) over a weighted mean duration of
8.8 years. The estimated cardiovascular mortality risk reduction (RR 0.61, 95% CI 0.26-1.42, I?
10%) was comparable (p = 0.811), however confidence intervals were wide because of the lim-
ited number of outcome events available. Influence analysis did not identify any study or
country specific data that significantly differed from the pooled result, and Egger’s tests did
not suggest publication bias. The relationship between fibre intake and all-cause and cardio-
vascular mortality in adults with type 1 and type 2 diabetes using country level data when pos-
sible is shown in Fig 2. There was a 35% (95% CI 10%-48%) risk reduction in all-cause
mortality associated with an intake of 35 g per day compared with 19 g per day. This resulted
in an absolute risk reduction of 14 (95% CI 4-19) fewer deaths per 1,000 participants over the
duration of the studies included. The plotted relationship was not linear (p = 0.005). Further
details are shown in the supplementary material (53 Appendix).

Glycaemic control

Thirty-three controlled trials of increasing fibre intakes on glycated haemoglobin (HbA1c) are
shown in Fig 3. When considering all eligible trials, regardless of the amount of fibre

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003053 March 6, 2020 6/22


https://doi.org/10.1371/journal.pmed.1003053.g001
https://doi.org/10.1371/journal.pmed.1003053

@’PLOS ‘ MEDICINE

Dietary fibre in diabetes management

Beat- =L e e Linear Model 1254 Linear Model

Spline Model Spline Model
o [}
N N
»n %)
8 8
i T

T T T T T T T T

14 20 26 32 14 20 26 32
Dietary fibre grams/day Dietary fibre grams/day

Fig 2. Dietary fibre intake and all-cause (left) and CVD mortality (right) in cohorts with type 1 or type 2 diabetes. The 95% Cls are shown as dashed lines. Cohort
data are presented as country specific estimates when possible. Circle size indicates the weighting of each data point, with bigger circles indicating greater influence. CVD,

cardiovascular disease.

https://doi.org/10.1371/journal.pmed.1003053.g002

prescribed, HbAlc improved with the interventions when compared with the controls (MD
—2.00 mmol/mol, 95% CI —3.30 to —0.71) as shown in Table 1. Fasting glucose levels also
improved with increased fibre intake (MD —0.56, 95% CI —0.73 to —0.38 from 34 trials). Influ-
ence analysis did not identify any trials that significantly influenced the pooled result for
HbA ¢ or fasting blood glucose. There was no evidence of publication bias in the results for
HbAIc and fasting blood glucose. Meta regression did not identify differences in the pooled
results for HbA1c or for fasting plasma glucose because of diabetes type, diabetes medication,
trial risk of bias, fibre type, trial size, or trial duration. Meta regression did indicate the reduc-
tion in HbA1c was greater in trials that did not control the weight of participants during the
trials (MD -2.67 mmol/mol, 95% CI —4.18 to —1.16 from 28 trials) when compared with trials
that did (MD 1.26 mmol/mol, 95% CI —0.15 to 2.68 from 5 trials). Meta regression also indi-
cate the reduction in fasting plasma glucose was greater in trials that included participants
with comorbidities (MD —0.91 mmol/L, 95% CI —1.46 to —0.36 from 15 trials) than trials that
excluded participants with comorbidities (MD —0.26, 95% CI —0.46 to —0.05 from 19 trials).
The results for fasting plasma glucose varied by the global region that the trial was conducted
in. Further analyses for HbAlc and fasting blood glucose are shown in the supplementary
material (54 and S5 Appendices). Dose response testing for HbA1lc and fasting glucose are
shown in Fig 4. Both HbA1lc and fasting glucose curves are plotted as a percentage of the base-
line fibre intake because there was an interaction with baseline fibre intake when reported,
indicating greater benefits were observed for those moving from low to moderate or high
intakes.

Blood lipids

Twenty-seven controlled trials of increasing fibre intakes on total cholesterol are shown in Fig
5. The summary effects of increasing fibre intake on the reported markers of cholesterol and
triglycerides are shown in Table 1. Total cholesterol, LDL cholesterol, and triglycerides all
reduced with increased fibre intakes. Influence analysis did not identify any trials that signifi-
cantly influenced the pooled result for total cholesterol, LDL cholesterol, HDL cholesterol, and
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Study
ID ES (95% Cl)
Abutair et al. 2016 - ! -11.00 (-11.87,-10.13)
Aliasgharzdeh et al. 2015 - : -4.40 (-5.29, -3.51)
Babiker et al. 2017 -~ | -7.04 (-8.12, -5.96)
Baker et al. 1988 —-— 0.00 (-2.85, 2.85)
Calvo-Rubio et al. 1989 (diet controlled) ! + 7.70 (-1.76, 17.16)
Calvo-Rubio et al. 1989 (insulin treatment) 4 : -11.00 (-20.00, -2.00)
Calvo-Rubio et al. 1989 (oral medications) —_—— 1.21 (-4.20, 6.62)
Chuang et al. 1992 - -3.30 (-5.04, -1.56)
Cugnet-Anceau et al. 2010 o -1.98 (-3.19, -0.77)
Dall'Alba et al. 2013 < -2.20 (-3.02, -1.38)
Dehghan et al. 2014 (FOS inulin intervention) L d : -7.70 (-8.41, -6.99)
Dehghan et al. 2014 (Inulin intervention) - 1 -8.80 (-9.99, -7.61)
Diaz et al. 1990 - -2.20 (-3.78, -0.62)
Feinglos et al. 2013 (16.6g dose given) —_—— ! -7.15 (-10.05, -4.25)
Feinglos et al. 2013 (6.8g dose given) —_—— : -5.83 (-8.72, -2.94)
Feldheim et al. 2003 | —To— 1.10 (-1.09, 3.29)
Gargari et al. 2015 -1 -3.30 (-4.20, -2.40)
Giacco et al. 2000 - -3.30 (-4.56, -2.04)
Grunberger et al. 2007 : * 2.20(1.98, 2.42)
Hagander et al. 1988 | T 1.10 (-0.26, 2.46)
Hagander et al. 1989 1 —_—— 4.40 (1.64,7.16)
Jenkins et al. 2002 I - 1.10 (-0.36, 2.56)
Karlander et al. 1991 (diet controlled) : g -1.10 (-21.33, 19.13)
Karlander et al. 1991 (oral medications) —_— -1.10 (-5.69, 3.49)
Kim et al. 2014 * -4.95 (-5.25, -4.65)
Kobayakawa et al. 2013 | 4 -0.22 (-1.01, 0.57)
Kondo et al. 2017 Lo -1.10 (-2.04, -0.16)
Lietal. 2016 . -0.55 (-1.20, 0.10)
Moustafa et al. 2007 4 -0.11 (-0.97, 0.75)
Pedersen et al. 2016 | —— 0.00 (-1.72, 1.72)
Peterson et al. 1987 (bread intervention) + L -7.70 (-15.76, 0.36)
Peterson et al. 1987 (powder intervention) + : -5.50 (-13.47, 2.47)
Peterson et al. 2018 & -1.00 (-1.51, -0.49)
Roshanravan et al. 2017 —_— -3.66 (-8.00, 0.68)
Sartore et al. 2009 ! L 2.53 (1.82, 3.24)
Schwab et al. 2006 (pectin intervention) : - 1.10 (0.16, 2.04)
Schwab et al. 2006 (polydextrose intervention) 1 -~ 2.20 (1.14, 3.26)
Stahl et al. 1990 (bran intervention) —_—— -1.98 (-5.87, 1.91)
Stahl et al. 1990 (guar intervention) —_— -1.32(-5.28, 2.64)
Uusitupa et al. 1989 —— : -4.84 (-6.85, -2.83)
Venhaus et al. 1988 — 5.50 (3.71, 7.29)
Overall (I-squared = 98.7%, p = 0.000) é -2.00 (-3.30, -0.71)
NOTE: Weights are from random effects analxs.isI : |

-21.3 0 21.3

Fig 3. Mean difference in glycated haemoglobin (mmol/mol) between intervention and control groups from trials of increasing fibre
intakes. Negative values show a decrease in HbAlc when increasing fibre intakes (the intervention). Intervention description is shown in
brackets next to the first author’s name and year published in which a trial reported on multiple eligible intervention arms. Medication
regimen is also shown in brackets in which the results were reported separately and not as a mean result. ES, effect size; FOS,
fructooligosaccharides.

https://doi.org/10.1371/journal.pmed.1003053.g003

triglycerides. No publication bias was observed for these outcomes. Meta regression analyses
identified the pooled results for the increasing fibre intakes, and the reduction in total choles-
terol, LDL cholesterol, and triglycerides were robust with no differences due to diabetes type,
diabetes medication, trial risk of bias, fibre type, trial size, or trial duration. Meta regression
indicated that the results for HDL cholesterol varied by global region where the trials were con-
ducted and were higher in trials of nonviscous fibres (MD 0.11 mmol/L, 95% CI 0.03-0.18 from
6 trials) than in trials of viscous fibres (MD 0.02 mmol/L, 95% CI —0.01 to 0.04 from 11 trials).
Dose response testing for total cholesterol indicated the improvement is dose dependent, with
higher intakes leading to greater improvements (shown in Fig 4). Further analyses for fibre
intakes and blood lipids are shown in the supplementary material (S6-S9 Appendices).
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Table 1. Summary differences in glycaemic control and cardiometabolic risk factors between intervention and control groups from trials of increasing fibre

intakes.

Outcome

HbA1c (mmol/mol)

Fasting plasma glucose (mmol/L)
Total cholesterol (mmol/L)

LDL cholesterol (mmol/L)

HDL cholesterol (mmol/L)
Triglycerides (mmol/L)

Body weight (kg)

BMI (kg/m’)

Waist circumference (cm)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
C-reactive protein (SMD)
Fasting plasma insulin (SMD)
HOMA IR (mg/dL)

Trials Participants (I/C) Initial 1> MD (95% CI)

33 815/738 98.7% -2.00 (~3.30 to —-0.71)
34 936/871 99.1% -0.56 (~0.73 to —0.38)
27 662/605 98.0% —0.34 (-0.46 to —0.22)
21 559/512 96.2% —0.17 (-0.27 to —0.08)
25 722/666 96.7% 0.04 (0.01-0.07)

28 760/708 97.7% —-0.16 (-0.23 to —0.09)
18 455/422 98.2% —0.56 (—0.98 to —0.13)
14 382/381 97.4% —-0.36 (-0.55 to —0.16)
8 178/171 97.4% -1.42 (-2.63 to —0.21)
12 325/295 98.6% -1.86 (-4.85 to 1.12)
12 325/295 97.1% -1.19 (-2.87 t0 0.49)
7 216/217 96.9% ~2.80 (-4.52 to —1.09)
19 489/458 96.4% -2.03 (=2.92 to -1.13)
9 292/289 99.7% -1.24 (-1.72 to —0.76)

Abbreviations: BMI, Body Mass Index; HDL, high-density lipoprotein; HOMA IR, homeostatic model assessment of insulin resistance; I/C, intervention/control; LDL,

low-density lipoprotein; SMD, standardised mean difference

https://doi.org/10.1371/journal.pmed.1003053.t001

Body weight and additional cardiometabolic risk factors

Pooled estimates for the relationship between increasing dietary fibre and markers of adiposity
and additional cardiometabolic risk factors are shown in Table 1. Increasing fibre intake
reduced body weight (MD —0.56 kg, 95% CI —0.98 to —0.13 from 18 trials), BMI (MD —0.36
kg/m?, 95% CI —0.55 to —0.16 from 14 trials), and waist circumference (MD —1.42 cm, 95% CI
—-2.63 to —0.21 from 8 trials), despite no advice to reduce energy intake. For waist circumfer-
ence, removal of 2 trials [47, 74] in influence analysis did not remove the significance of the
pooled effect (MD —1.59, 95% CI —3.07 to 0.10 cm). No publication bias was observed for
these outcomes. Meta regression indicated the results for body weight and waist circumference
were robust, with no differences due to diabetes type, diabetes medication, trial risk of bias,
fibre type, trial size, or trial duration. BMI results differed by baseline fibre intake. Dose
response testing for body weight is shown in Fig 4. There was no evidence of dose response
associations between increasing fibre intake and measures of body weight. Further analyses for
these outcomes are shown in the supplementary materials (S10-S12 Appendices). Fasting
plasma insulin, C-reactive protein levels, and HOMA IR improved with higher fibre diets;
however, blood pressure did not (as shown in Table 1). Influence analysis did not identify

any trial that significantly influenced the pooled results. There was a probable publication bias
for the evidence relating to fasting plasma insulin, although trim and fill analyses did not
appreciably change the observed effect size (SMD —2.48, 95% CI —3.56 to —1.42). Meta regres-
sion indicated the results for systolic and blood pressure were robust, with no differences due
to diabetes type, diabetes medication, trial risk of bias, fibre type, trial size, or trial duration.
Results indicated that for the outcome insulin, dietary fibre trials conducted in the Middle

East produced a greater reduction (SMD -6.22, 95% CI —10.84 to —1.61) than trials in Asia
(SMD -2.14, 95% CI —3.48 to —0.80) or Europe (SMD -0.65, 95% CI —1.71 to 0.41). Further
analyses and information on these outcomes are available in the supplementary material
(S13-S17 Appendices).
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Heterogeneity

Pooled data from the 2 multicountry prospective cohort studies were largely homogenous,
with an I* < 10%. Conversely, pooled controlled trial data had high heterogeneity for each out-
come assessed (IZ > 90%). Potential sources of bias or markers of trial quality were not identi-
fied by meta regression analyses as contributors to heterogeneity nor was the type of diabetes.
All subgroups of variables identified as relevant by meta regression analyses are shown in the
GRADE tables of the supplementary materials (S18 Appendix). Small study effects, influence
analysis, and meta regression analyses each failed to identify a single or consistent cause for
the high heterogeneity within the pooled data from trials; however, they did exclude multiple
sources of bias or systematic error as determinants of the presented results.

Risk of bias assessment and GRADE tables

Risk of bias was low in the prospective cohort studies, which both achieved 8 out of a possible
9 on the Newcastle-Ottawa Score. The trials provided sufficient reporting for the assessment of
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Fig 4. Dose response curves of increasing fibre intakes and key cardiometabolic risk factors. HbAlc (top left, data from 16 trials of 758 participants), fasting glucose
(top right, data from 18 trials of 979 participants), total cholesterol (bottom left, data from 25 trials of 1,178 participants), and body weight (bottom right, data from 18
trials of 877 participants) from trials of increasing fibre intakes. The 95% Cls are shown as dashed lines. FPG, fasting plasma glucose.

https://doi.org/10.1371/journal.pmed.1003053.g004
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Study
ID ES (95% Cl)
Aro et al. 1981 —_—— : -1.05 (-1.47, -0.63)
Babiker et al. 2017 * : -0.56 (-0.62, -0.51)
Calvo-Rubio et al. 1989 (diet controlled) —_—— 1 -1.70 (-2.08, -1.32)
Calvo-Rubio et al. 1989 (insulin treatment) : g 0.50 (-0.25, 1.25)
Calvo-Rubio et al. 1989 (oral medications) —_— -0.30 (-0.60, 0.00)
Chuang et al. 1992 : —— 0.03 (-0.12, 0.18)
Cugnet-Anceau et al. 2010 I -0.06 (-0.14, 0.02)
Dall'Alba et al. 2013 : — 0.50 (0.30, 0.70)
Dehghan et al. 2014 (FOS inulin intervention) L d 1 -0.70 (-0.76, -0.63)
Diaz et al. 1990 L 0.05 (-0.09, 0.20)
Gargari et al. 2015 b gl -0.43 (-0.52, -0.35)
Giacco et al. 2000 |- -0.20 (-0.30, -0.10)
Hagander et al. 1988 16 -0.21 (-0.30, -0.12)
Hagander et al. 1989 : - -0.06 (-0.18, 0.06)
Jenkins et al. 2002 1 - 0.23 (0.14, 0.32)
Kim et al. 2014 R 2 -0.16 (-0.21, -0.12)
Kondo et al. 2017 s -0.23 (-0.34, -0.12)
Lalor et al. 1990 | —e -0.06 (-0.22, 0.10)
Lietal. 2016 [N 4 -0.13 (-0.16, -0.10)
Moustafa et al. 2007 - ; -1.69 (-1.80, -1.57)
Peterson et al. 1987 (bread intervention) —_— -0.60 (-0.88, -0.32)
Peterson et al. 1987 (powder intervention) —0—: -0.50 (-0.77, -0.23)
Peterson et al. 2018 —:0— -0.28 (-0.48, -0.09)
Pick et al. 1996 - -0.74 (-0.84, -0.64)
Roshanravan et al. 2017 —_—— : -0.92 (-1.19, -0.65)
Sartore et al. 2009 . -0.05 (-0.11, 0.01)
Schwab et al. 2006 (pectin intervention) : ~— 0.12(0.01, 0.23)
Schwab et al. 2006 (polydextrose intervention) | - 0.13 (0.03, 0.23)
Stahl et al. 1990 (bran intervention) —0—:— -0.45 (-0.69, -0.21)
Stahl et al. 1990 (guar intervention) — -0.55 (-0.77, -0.33)
Uusitupa et al. 1989 — : -0.57 (-0.73, -0.41)
Venhaus et al. 1988 -— -0.26 (-0.44, -0.08)
Overall (I-squared = 98.0%, p = 0.000) Q -0.34 (-0.46, -0.22)
NOTE: Weights are from random effects analysis :

-2.08 0 2.08

Fig 5. Mean difference in total cholesterol (mmol/L) between intervention and control groups from trials of increasing fibre intakes. Negative
values show a decrease in total cholesterol when increasing fibre intakes (the intervention). ES, effect size; FOS, fructooligosaccharides.

https://doi.org/10.1371/journal.pmed.1003053.9005

data completeness and selective reporting, but overall assessment of bias was limited by
insufficient reporting of sequence generation, allocation concealment, and blinding of partici-
pants and outcomes. Further information is contained in the supplementary materials (52

Appendix).

When following GRADE protocols, evidence relating to all-cause mortality from prospec-
tive cohort studies was graded as moderate quality, having been upgraded because of a clear
dose response. Evidence regarding fasting plasma glucose, total cholesterol, and LDL choles-
terol were graded as high because of the dose response. Evidence from trials relating to most
cardiometabolic risk factors was graded as being of moderate quality, having been downgraded

for high heterogeneity. Full GRADE tables are shown in the supplementary material (S18
Appendix). The PRISMA checklist is shown in S19 Appendix.
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Discussion
Summary of findings

The findings from our systematic review and meta-analyses have demonstrated the likely benefits
of increasing dietary fibre in people with diabetes. Prospective cohort study data indicate a
reduced risk of total mortality in adults with diabetes. Given that in many relatively affluent socie-
ties most adults consume around 20 g of dietary fibre per day [26], our data suggest thata 15 g
increase to 35 g per day might be a reasonable target that would be expected to reduce risk of pre-
mature mortality by 10% to 48%. A similar finding to that observed for total mortality is apparent
when considering cardiovascular mortality in relation to dietary fibre intakes, although confidence
intervals were wide as a result of few events. Findings from controlled trials indicate that increas-
ing intakes can improve glycaemic control, body weight, total and LDL cholesterol, and CRP, pro-
viding evidence to support the findings relating to total and cardiovascular mortality. Our analysis
indicates these findings apply to those with type 1 and type 2 diabetes, whether treated on

diet alone, oral agents, insulin, or a combination of treatments, as well as those with prediabetes.

What the study adds to the existing literature

Our study extends the findings of a previous systematic review and meta-analysis of controlled
trials that examined the effects of dietary fibre, regardless of source, in the management of dia-
betes [13]. That review considered only the effects on glycaemic control in people with type 2
diabetes. We were able to include 34 more trials that involved an additional 600 participants in
both intervention and control groups, included people with type 1 or type 2 diabetes and pre-
diabetes, and examined a range of additional outcomes. We excluded a number of trials
included in the 2013 review, which involved changes in other nutrients in addition to an
increase in dietary fibre [77,78], comparisons of one type of fibre with another [79-81], or
compared a fibre-rich diet with another dietary intervention [82]. Two more recent reviews
have been published; one considered the effects of viscous fibre [15], and the other was an
umbrella review which provided no new analyses [16].

A substantial body of data derived from well-conducted controlled trials that have compared
the effects on glycaemic control and cardiometabolic risk factors of relatively low (around 40%)
and relatively high (around 60%) carbohydrate intakes in both type 1 and type 2 diabetes
[7,8,10,11] support our findings and their clinical relevance. These studies were not included in
our meta-analysis because our principal objective was to examine the effect of increasing dietary
fibre intake without advice to change the overall carbohydrate load of the diet. Benefits, particu-
larly in terms of glycaemic control and lipid profiles, were observed with higher carbohydrate
intakes, but only when a high proportion of total carbohydrate was derived from foods rich in
dietary fibre [11,12]. A high-carbohydrate-low-fibre diet was associated with similar or worse
overall glycaemic control, lower HDL, and higher triglyceride levels when compared with lower
carbohydrate intakes [83]. These findings were apparent even when energy balance was rigor-
ously controlled. This appears to contradict our findings, which indicated that the effect of fibre
on glycated haemoglobin was apparent only in trials that did not attempt to achieve energy bal-
ance, suggesting that weight loss may have been responsible for this effect of dietary fibre. How-
ever, we identified only 5 trials that measured glycated haemoglobin that involved weight
control, so this observation may also have been because of the small number of trials.

Strengths and limitations

The present study has a number of strengths. Arguably, the most important of these is the par-
allel consideration of the effects of higher fibre intakes in controlled trials and prospective
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cohort studies. The former approach involved the examination of the effects on glycaemic con-
trol and cardiometabolic risk factors and the latter the extent to which these may translate into
clinical outcomes. Although the analysis of only 2 cohort studies of participants with type 1 or
type 2 diabetes may be seen as a limitation, participants were drawn from 22 countries. Addi-
tional information provided to us by the investigators of these studies enabled us to use coun-
try-specific effect size estimates. We were also able to demonstrate the dose response effect in
terms of the relationship between dietary fibre and total mortality and that the relationship
was not linear as had been previously been believed to be the case. Although the dose response
effect between dietary fibre and cardiovascular mortality appeared similar to that observed for
total mortality, the number of events was smaller and the upper confidence interval remained
above 1. Nevertheless, these observations together with the relationship between dietary fibre
and the cardiovascular risk factors observed in trials suggest that a dose response effect is
indeed likely. So, although it is never possible to fully discount residual confounding in obser-
vational studies, the consistency of findings in the trials and cohort studies together with the
dose response relationships suggest a causal association.

The meta-analysis of the intervention trials has potential limitations. All pooled analyses
from controlled trials were subject to high heterogeneity, and therefore the strength of the evi-
dence was, as required by GRADE, downgraded accordingly. However, such heterogeneity is
to be expected given that trials included a variety of interventions and a range of dietary fibre
intakes and were undertaken in a variety of populations consuming different diets and with
different background lifestyle patterns. Our consideration of dietary fibre from supplements as
well as from food sources, such as whole grains, may have contributed to the observed hetero-
geneity, however, not to the extent that it was detected by meta regression analyses for any out-
come. Although there were only 2 controlled trials that were conducted in people with type 1
diabetes, meta regression analyses did not identify type of diabetes as a determining variable
for any outcome, such as HbAlc. Furthermore Balk and colleagues [84] demonstrated a clear
relationship between dietary fibre and HbAlc in the EURODIAB cohort of people with type 1
diabetes, in addition to the relationship between dietary fibre and total mortality shown by
Schoenaker and colleagues [85]. Meta regression analyses also did not identify that potential
sources of bias were determining variables of the pooled results, and sensitivity analyses did
not identify data integrity issues for the majority of cardiometabolic outcomes. Instead, key
variables beyond increasing fibre intake were the amount of fibre provided or consumed by
participants at baseline, the global region where the trials were conducted, and participant
inclusion criteria other than diabetes type. A further potential limitation to this work was the
lack of prospective cohort data in non-European countries. However, the association between
higher intakes of fibre and lower HbA1c has been observed in China [86] and Japan [87, 88].
The lack of long-term (12 months or greater) randomised controlled trials of increasing fibre
intake in adults with diabetes is somewhat mitigated by the findings of the cohort studies.
Thus, we believe that despite the observed heterogeneity the conduct of a meta-analysis was
appropriate and our conclusions valid.

Implications of our findings

Previous meta-analyses of clinical trials have demonstrated the potential of fibre supplements
derived from psyllium [89] or viscous sources [15] to improve glycaemic control and cardio-
metabolic risk factors. European guidelines for the management of type 1 and type 2 diabetes
have emphasised the benefits of soluble forms of dietary fibre from legumes [90]. However,
our systematic review and meta-analyses that included trials in which fibre was increased
either by the addition of supplements of extracted or synthetic fibres, or by the inclusion of
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fibre rich foods, found that the source and type of dietary fibre did not influence the extent of
improvements in glycaemic control or the various cardiometabolic measurements. When con-
sidering the findings of this research in relation to nutrition recommendations for the manage-
ment of diabetes, it is noteworthy that the reduction in risk of premature mortality observed in
the prospective cohort studies for both type 1 and type 2 diabetes was with fibre principally
derived from food sources, rather than from manufactured foods to which extracted or syn-
thetic fibre have been added. So, although the chemistry, physical properties, physiology, and
metabolic effects of dietary fibre suggest that the observed benefits in terms of improvement in
cardiometabolic risk factors should signal reduced morbidity and greater life expectancy in
association with all types and sources of dietary fibre, the only direct evidence for such benefit
derives from fibre as it occurs naturally in food. Thus, although a role for fibre supplements
should not be excluded, the dose response data from the prospective cohorts studies supports
the consumption of high fibre foods, which will most likely contain additional nutrients [91].

Despite not directly addressing the issue, these findings also have implications for recom-
mendations relating to the total amount of carbohydrates in the diabetic dietary prescription.
The case has been made for reductions in total carbohydrates, with suggestions that intake
should be reduced to below 26% total energy (a low carbohydrate’ diet) or to an even greater
extent for a ketogenic diet [92]. Such suggestions have typically been based on relatively short-
term studies (of up to 6 months duration), which have shown an improvement in glycaemic
control and lipid profiles, especially in those with type 2 diabetes in which total carbohydrates
has been reduced [93]. Such studies do not often consider whether the improvements observed
are due to the lower carbohydrate load or the reduced energy intake. Longer term follow up
indicates no lasting benefit in terms of cardiometabolic risk factors when low carbohydrate
diets have been compared with more conventional dietary approaches [93-95].

Conclusion

Aggregated data from intervention trials and cohort studies provide strong support for current
nutrition recommendations [90,96], which advise that those with all types of diabetes should
be encouraged to have adequate intake of dietary fibre. Vegetables, pulses, whole fruits, and
whole grains are excellent sources. There is no suggestion from cohort studies or controlled
trials that relatively high intake of these carbohydrate-rich foods are associated with deteriora-
tion of glycaemic control or weight gain. These findings do not detract from the widely
accepted recommendation to reduce intakes of sugars and rapidly digested starches [97]. Our
findings indicate that for those who choose a reduced intake of total carbohydrates, the inclu-
sion of fibre supplements may provide the means of ensuring recommended intake. However,
further long-term adequately powered studies will be required to establish whether fibre sup-
plements will confer longer term clinical benefit that is comparable with fibre that occurs natu-
rally in foods.
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tion, Intervention, Control, and Outcomes.
(DOCX)
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Table B: Description of identified intervention trials. Fig A: Cochrane risk of bias tool sum-
mary for the trials identified as eligible for this review.
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fibre intakes on BMI in diabetes management? Table J: What is the effect of increasing dietary
fibre intakes on waist circumference (cm) in diabetes management? Table K: What is the effect
of increasing dietary fibre intakes on fasting plasma insulin (standardised mean difference) in
diabetes management? Table L: What is the effect of increasing dietary fibre intakes on
HOMA IR (mg/dL) in diabetes management? Table M: What is the effect of increasing dietary
fibre intakes on systolic blood pressure (mmHg) in diabetes management? Table N: What is
the effect of increasing dietary fibre intakes on diastolic blood pressure (mmHg) in diabetes
management? Table O: What is the effect of increasing dietary fibre intakes on C-reactive pro-
tein in diabetes management? BMI, Body Mass Index; CVD, Cardiovascular disease; GRADE,
Grading of Recommendations Assessment, Development and Evaluation; HDL, high-denisty
lipoprotein; HOMA IR, homeostatic model assessment of insulin resistance; LDL, low-density
lipoprotein.
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