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Abstract
An easily understandable index that measures the quality of carbohydrate may aid people in adopting dietary habits that improve their glucose
tolerance. We aimed to evaluate the relationship between a ratio of dietary fibre to carbohydrate intakes (fibre:carbohydrate ratio (F:C-R)) and
glucose tolerance cross-sectionally and longitudinally. Subjects were 190 Japanese men and women without type 2 diabetes (mean age
55·4 years) who participated in a 5-month diet and exercise programme. We compared baseline anthropometric, dietary and metabolic
profiles between those with higher F:C-R and those with lower ratios. Multivariable regression analyses were performed to examine the
associations between the F:C-R and homoeostasis model of assessment for insulin resistance (HOMA-IR) and HbA1c at baseline and between
changes in the F:C-R and changes in HOMA-IR and HbA1c over the 5-month period. At baseline, the higher F:C-R group had significantly
lower body weight, lean body mass, fasting insulin level and HOMA-IR as compared with the lower F:C-R group. The two groups had similar
intakes of carbohydrate and fat, whereas protein intake was greater in the high F:C-R group. Baseline F:C-R was not significantly associated
with HOMA-IR or HbA1c at the beginning of the study in multivariable models. Increases in the ratio during the 5-month programme
was associated with reductions in HbA1c (P< 0·001). These findings highlight the potential utility of the F:C-R in strategies aimed at type 2
diabetes prevention.
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Diabetes presents a significant health challenge across the
globe, mainly affecting middle-aged and elderly populations(1).
Type 2 diabetes is associated with fatty liver disease and
CVD(2,3). Obesity has been recognised as an important risk
factor for insulin resistance and type 2 diabetes(1). Numerous
studies have searched for effective weight loss interventions
that normalise glucose tolerance(4,5).
Excess energy intake and certain dietary habits, such as a

high-fat diet and a high-fructose diet, are associated with
increased risk of obesity and metabolic disturbance, including
type 2 diabetes and fatty liver(6–10). Assessing the significance of
relative proportions of macronutrient intake on health out-
comes has become an active area of research. Recent rando-
mised trials demonstrated more favourable outcomes associated
with a low-carbohydrate diet for both weight loss and metabolic
parameters as compared with a low-fat diet(4,11–13). However,
other comparative studies on low-fat diet, low-carbohydrate

diet and other types of diets, as well as systematic reviews, have
shown inconsistent results(5,14–16).

One major problem with the classification of diets based on
macronutrient proportions is the allocation of complex carbo-
hydrate, dietary fibre and refined carbohydrate into the same
category as ‘carbohydrate’. Diets high in fibre, such as the
Mediterranean diet, have been associated with improved insulin
sensitivity(4,17), whereas diets high in refined carbohydrate have
been associated with insulin resistance(18). Thus, these findings
suggest the need to develop a better index to classify diets
based on the ‘quality’ of carbohydrate.

East Asians carry increased risk of developing insulin resis-
tance and type 2 diabetes at a lower BMI as compared with
Caucasians, partly owing to the tendency to accumulate excess
body fat without large increases in BMI(19). Studies on the rela-
tionship between dietary factors and insulin resistance are rela-
tively scarce in East Asian populations(20–22). In some studies
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conducted among Chinese and Japanese, higher consumption of
white rice was associated with increased risk of developing type
2 diabetes(20,21). However, one of these studies did not take into
account the effect of dietary fibre in the analysis(21), highlighting
the need to investigate the relationship between the quality of
carbohydrate and insulin resistance.
In this study, we examined the relationship between the ratio

of dietary fibre to carbohydrate intake (fibre:carbohydrate ratio
(F:C-R)) and insulin resistance and HbA1c, two strong indicators
of future risk of diabetes, in Japanese adult subjects without
diabetes participating in a 5-month diet and exercise pro-
gramme. In addition, we examined the potential modification in
association when accounting for individual carrier status of β-3
adrenergic receptor (β3AR) functional gene polymorphism, a
locus known to be associated with the risk of obesity(23–25). We
also investigated the longitudinal relationship between changes
in the F:C-R and changes in homoeostasis model of assessment
for insulin resistance (HOMA-IR) and HbA1c.

Methods

Study population

The Nutrition Clinic at Kagawa Nutrition University has a history
of providing a diet and exercise programme for over
45 years(26). The clinic offers a voluntary 5-month diet and
exercise programme semi-annually called the Healthy Diet
Course. The participants include not only overweight/obese
individuals, but also normal-weight individuals who have the
desire to improve the quality of their diets. Participants are
recruited through advertisements in television programmes and
magazines on health and dieting, the website of the Nutrition
Clinic, flyer distribution to participants attending seminars on
nutrition at the Nutrition Clinic and annual invitation to indivi-
duals who have completed the programme previously via mail.
The inclusion criteria for the programme are those aged 20
years or older and the absence of impairment in the knees or
hip that limits mobility (walking up and downstairs).
At the beginning and end of the sessions, participants

undergo anthropometric measurements and biochemical ana-
lyses of blood samples. During the 5-month period, participants
are required to attend 12 sessions at the Nutrition Clinic. Each
session, usually lasting for 6 h, consists of group sessions,
individual nutritional counselling, lectures, cognitive beha-
vioural therapy and exercise regimen. In group sessions,
registered dietitians give lectures on food selection and cook-
ing. In individual nutritional counselling, dietitians review par-
ticipants’ diet records and advise participants to ensure that
their meals consist of grains, main dish and side dish, and to
increase the amount of vegetables, mushrooms and seaweeds
that are rich in dietary fibres. The counselling is conducted
based on Dietary Reference Intakes of Japanese People 2010,
which recommends males and females at 18 years or older to
consume over 19 and 17 g of dietary fibre, respectively(27). At
ten of the twelve sessions, participants are provided with lunch,
which consists of germ rice, main dish (fish or meat), side
dishes (vegetables, mushrooms and/or seaweeds), soup and
dessert (fruits). Each lunch contains approximately 2510 kJ

(600 kcal) of total energy, 10 g of dietary fibre and <3 g of salt.
Participants are also given lectures on lifestyle-related disease
and genetics by a medical doctor. Exercise regimen is a 70-min
session led by a health fitness programmer, and consists of the
use of rubber bands, balance balls, chairs, stretching, squatting
and gymnastics that are intended to strengthen the pelvic joint,
bones and muscles.

A total of 223 participants were enrolled in the programme
between October 2006 and March 2015. Of the 223 participants
of both sexes, those missing data on baseline body weight,
percentage body fat and energy intake were excluded, resulting
in 217 participants with complete baseline data. Of the 217 parti-
cipants, those with diabetes (n 27) were excluded, leaving
190 participants for our cross-sectional analyses. Participants
were considered to have diabetes if they met any of the following
criteria: baseline HbA1c of 6·5% or higher(28,29), use of anti-
hyperglycaemic medication or prior diagnosis of diabetes. Of the
190 participants, those missing data on body weight, percentage
body fat and energy intake at the end of the programme were
excluded, leaving 177 participants for the longitudinal analyses.
For those who were enrolled in the programme more than once
during the period, we used data from the initial enrolment.

This study was conducted according to the guidelines laid
down in the Declaration of Helsinki and all procedures invol-
ving human subjects/patients were approved by the Institu-
tional Review Board of Kagawa Nutrition University. Written
informed consent was obtained from all subjects (n 223).

Anthropometric data

Height was measured to the nearest millimetres by a standi-
ometer (A&D Company, Limited). Weight and percentage body
fat were measured by dual X-ray absorptiometry (DEXA)
(Osteometer, Toyo Medic). Weight was measured to the nearest
0·1 kg. Body fat mass was calculated by multiplying body
weight and percentage body fat as measured by DEXA. Lean
body mass was calculated by subtracting body fat mass from
body weight(30). BMI was calculated by dividing weight in
kilograms by height in metres squared.

Dietary and lifestyle data

Each participant completed 3-d diet records at the beginning
and at the end of the programme. To improve accuracy, parti-
cipants were advised to measure the amount of food they ate by
weighing each food with a scale. Registered dietitians reviewed
each participant’s diet records and interviewed each participant
regarding the amount of food consumed to detect missing food
or inconsistent reporting. When the reported amount of food
items appeared obviously incorrect, dietitians corrected it based
on a food database of the food items and confirmed it with the
participant. Mean nutrient intakes per day were calculated by
entering the diet record data into a diet analysis program (Excel
Eiyo-kun, version 6.0; Kenpaku-sha). A ratio of fibre intake to
carbohydrate intake (F:C-R) was calculated by dividing fibre
intake by total carbohydrate intake and multiplying it by 100.

We assessed the validity of self-reported diet records at
baseline through the Goldberg method(31). Specifically, we

Fibre:carbohydrate ratio and insulin resistance 621

https://doi.org/10.1017/S0007114517003725  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114517003725


compared the group mean of reported energy intake with the
BMR ratio (EI:BMR) and the 95% lower or upper confidence
limit calculated by the following formula: PAL× exp{SD×
[(S/100)/√n]}, where PAL is the mean physical activity level for
the study group, SD −2 for the 95% lower confidence limit and
+2 for the 95% upper confidence limit, and n the number of
subjects in the study(31). S refers to the factor that takes into
consideration the variation in intake, BMR and energy
requirement, and is given by the following formula:
S= [(CVwEI)

2/d+ (CVwB)
2 + (CVtP)

2]1/2, where CVwEI is the
within-subject CV in energy intake, d the number of days of diet
records, CVwB the CV of repeated BMR measurements or the
precision of estimated compared with measured BMR and CVtP

the total variation in PAL(31). For our calculation, we set PAL as
1·55, which is the value used by the World Health Organization
for ‘light’ activity(31). We used the following CV values (CVwEI

23%, CVwB 8·5%, CVtP 15%) as applied in a previous Japanese
study(32). As for BMR, we used the weight-adjusted predictive
equation given in the Dietary Reference Intakes for Japanese,
2010(33). The absence of under-reporting or over-reporting is
suggested by an EI:BMR within the range of the 95% lower and
upper confidence limits(31).
Average number of steps per day was the mean of steps

taken a day for 7 d as measured by a pedometer (Tanita). The
measurement was done during the 1st week of the programme
and at the end of the programme.

Biochemical profile and blood pressure data

Fasting blood samples were collected after overnight fasting
at the beginning and end of the programme. Blood samples were
sent to LSI Medience Corporation for the analyses of biochemical
profile. Complete blood counts, serum levels of electrolytes,
liver enzymes, glucose, insulin, HbA1c, total cholesterol, LDL-
cholesterol, HDL-cholesterol and TAG were measured. HOMA-IR
was calculated by the following formula: (fasting plasma
insulin× fasting plasma glucose (mg/dl))/405 ((fasting plasma
insulin× fasting plasma glucose (mmol/l))/22·5)(34).
Blood pressure was measured in the seated position with the

arm at the level of the heart using a TM-2665P Automatic
Tabletop Blood Pressure Monitor (A&D Medical) at the begin-
ning and end of the programme.

Genetic polymorphism data

β3AR are mainly expressed on adipose cells and play an
important role in lipolysis and thermogenesis(23). Participants
were genotyped for β3AR gene by PaGE Science Co., Ltd,
because the variant of β3AR (Trp64Arg) has been associated
with higher BMI(24,25) and increased capacity to gain weight(23).
Those who had at least one Trp64Arg allele (rs4994) were
considered carriers.

Statistical analysis

For the cross-sectional descriptive analyses of the baseline data,
we divided the subjects into two groups using the 50th per-
centile value of the F:C-R as a cut-off and labelled the groups as

high- and low-ratio groups. This was used in a bivariate analysis
to compare mean values of anthropometric, metabolic and
dietary parameters using the Student’s t test, and proportion of
female participants, carriers of β3AR polymorphism and indi-
viduals taking medications for dyslipidaemia and hypertension
using the χ2 test.

Next, we used multivariable regression to investigate the
independent association between the F:C-R and HOMA-IR after
controlling for potential confounders. HOMA-IR was log-
transformed and initial selection of variables into the multi-
variable model was based on clinical hypotheses regarding
factors thought to affect HOMA-IR, as well as consideration of
the association results from the bivariate analyses. The same
covariates were considered in the analysis of the F:C-R and
HbA1c. For the longitudinal analysis, we evaluated the rela-
tionship between absolute changes in F:C-R and changes in
HOMA-IR or HbA1c using multivariable linear regression
adjusting for potential confounders. We ran the model including
change in the F:C-R, age, sex and variables that showed sug-
gestive associations (P-value< 0·20) in the unadjusted analyses.
Variables were excluded in a step-wise manner if they did not
influence the F:C-R association. We presented coefficients, 95%
CI and P-values for each variable.

Additionally for each model, we tested the presence of
multicollinearity by checking variance inflation factors (VIFs)
and excluded variables with high VIF until all included variables
had VIF of <5. We performed all statistical analyses in STATA 13
(StataCorp LP) and Microsoft Excel. We considered a two-tailed
P< 0·05 as statistically significant.

Results

The cross-sectional analyses were performed on 190 partici-
pants (180 female and ten male; aged 21–78 years) based on
baseline data, and the longitudinal evaluations included a large
subset of 177 participants (168 female and nine male) who also
had complete follow-up data. Regarding the validity of self-
reported diet records, we found the EI:BMR to be within the
range of the 95% lower and upper confidence limits, suggesting
the absence of under-reporting or over-reporting as a group.

Median baseline F:C-R among the participants was 6·38.
Table 1 shows the means of demographic, anthropometric,
metabolic and dietary variables in the high F:C-R group (above
median value) and low-ratio group (below median value).
Compared with the low F:C-R group, the high-ratio group
showed significantly lower mean body weight (61·9 v. 66·4 kg,
P= 0·004) and lean body mass (40·1 v. 42·8 kg, P= 0·002). A
similar relationship was observed for body fat mass (P= 0·054).
The high F:C-R group also showed lower mean fasting serum
insulin levels (6·5 v. 8·6 μU/ml, P< 0·001) and HOMA-IR (1·5 v.
2·0, P= 0·002). Mean HbA1c level also appeared lower in the
high F:C-R group as compared with the low F:C-R group, which
approached statistical significance (5·6 v. 5·7%, P= 0·081). The
high F:C-R group had significantly higher mean intake of pro-
tein (73·5 v. 68·5 g, P= 0·026), grams of protein intake per kg of
standard weight (1·4 v. 1·2 g/kg standard weight, P= 0·002) and
percentage energy from protein (16·6 v. 15·0%, P< 0·001) than
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Table 1. Baseline characteristics of study participants divided by fibre:carbohydrate ratio (F:C-R*)
(Mean values with their standard errors; numbers and percentages)

High F:C-R group (n 95) Low F:C-R group (n 95) Between-group comparison

Mean SE Mean SE P

Age (years) 56·7 1·20 54·1 1·04 0·104
Sex
Female 0·051

n 93 87
% 98 92

Male
n 2 8
% 2 8

β3AR polymorphism
Non-carrier 0·223

n 58 66
% 61 69

Trp64Arg carrier
n 37 29
% 39 31

Anthropometrics
Weight (kg) 61·9 0·94 66·4 1·18 0·004
BMI (kg/m2) 25·6 0·40 26·6 0·43 0·093
% Body fat 34·7 0·56 35·1 0·61 0·664
Body fat mass (kg) 21·8 0·59 23·6 0·71 0·054
Lean body mass (kg) 40·1 0·48 42·8 0·66 0·002

Average steps taken per d 6777·6 403·67 6700·7 338·10 0·884
Biochemical profile
Fasting plasma glucose (mg/dl)† 92·0 1·12 93·2 1·22 0·482
Fasting plasma insulin 6·5 0·33 8·6 0·54 <0·001
HOMA-IR 1·5 0·09 2·0 0·15 0·002
HbA1c (%, NGSP) 5·6 0·04 5·7 0·04 0·081
HbA1c (mmol/mol, IFCC) 38 0·41 39 0·40 0·081

TAG (mg/dl)† 103·2 6·66 108·8 5·53 0·523
Total cholesterol (mg/dl)† 224·6 3·92 221·9 3·25 0·587
LDL-cholesterol (mg/dl)† 136·8 3·49 137·6 3·11 0·877
HDL-cholesterol (mg/dl)† 65·6 1·44 63·7 1·39 0·332

Blood pressure
Systolic (mmHg) 128·8 2·14 132·0 1·61 0·232
Diastolic (mmHg) 78·5 1·23 80·7 1·14 0·186

Dietary variables
Energy intake (kJ) 7455·4 146·81 7599·2 147·57
Carbohydrate intake (g) 242·4 5·54 247·3 5·08 0·513
Fat intake (g) 55·1 1·42 56·0 1·63 0·654
Protein intake (g) 73·5 1·52 68·5 1·62 0·026
Protein intake (g/kg standard weight)‡ 1·4 0·03 1·2 0·03 0·002
% Energy from carbohydrate 54·4 0·59 54·8 0·67 0·607
% Energy from fat 27·8 0·49 27·6 0·54 0·720
% Energy from protein 16·6 0·19 15·0 0·18 <0·001
Salt intake (g) 9·2 0·27 9·0 0·26 0·658
Fibre intake (g) 19·3 0·51 12·8 0·34 <0·001
F:C-R 8·0 0·14 5·2 0·10 <0·001

Medication use
For dyslipidaemia (yes) 0·492

n 20 24
% 21 25

For hypertension (yes) 0·329
n 29 22
% 31 24

Energy intakes by food groups (kJ)
Milk products 431·0 35·96 421·7 35·72 0·854
Eggs 214·8 15·55 213·7 14·49 0·959
Fish 542·7 31·39 434·4 31·07 0·015
Meat 622·7 45·01 669·7 40·03 0·437
Beans 366·5 27·69 246·1 21·96 0·001
Green/yellow vegetables 202·7 11·34 144·9 11·32 <0·001
Plain-coloured vegetables 228·5 13·09 153·2 7·19 <0·001
Mushrooms and seaweeds 36·2 2·66 19·2 2·10 <0·001
Potatoes 142·6 18·22 130·4 26·03 0·702
Fruit 381·1 29·63 236·3 20·53 <0·001
Grains 2603·4 67·19 2935·8 74·30 0·001
Sugar food 114·3 10·39 146·2 14·55 0·076
Oil food 380·8 25·62 466·2 27·85 0·025
Other food 1174·1 74·30 1363·0 71·24 0·068

β3AR, β-3 adrenergic receptor; HOMA-IR, homoeostasis model of assessment for insulin resistance; NGSP, National Glycohemoglobin Standardization
Program; IFCC, International Federation of Clinical Chemistry and Laboratory Medicine.

* F:C-R was calculated by dividing fibre intake by total carbohydrate intake and multiplying it by 100.
† To convert glucose in mg/dl to mmol/l, multiply by 0·0555; to convert TAG in mg/dl to mmol/l, multiply by 0·0113; to convert cholesterol in mg/dl to mmol/l,

multiply by 0·0259.
‡ A standard weight for each participant was calculated by multiplying the square of height in metres by 22.
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did the low-ratio group. Fibre intake was also significantly
greater in the high-ratio group as compared with the low-ratio
group (19·3 v. 12·8 g, P< 0·001), but the two groups showed
similar mean total carbohydrate intake (242·4 v. 247·3 g,
P= 0·513) and fat intake (55·1 v. 56·0 g, P= 0·654). As for energy
intakes by food groups, the high F:C-R group had significantly
greater energy intakes from fish, beans, green/yellow vege-
tables, plain-coloured vegetables, mushrooms and seaweeds,
and fruits, and lower energy intakes from grains and oil food as
compared with the low F:C-R group.
Table 2 shows results of the multivariable linear regression

analysis evaluating the association between F:C-R and log
HOMA-IR and HbA1c levels at baseline, adjusting for age,
sex, β3AR polymorphism, body fat mass, lean body mass,
average number of steps taken and intakes of total energy,
carbohydrate, fat and protein. F:C-R was not associated with
log HOMA-IR (P= 0·214), whereas sex, β3AR polymorphism
and body fat mass were significantly associated with log
HOMA-IR. In the multivariable analysis of baseline HbA1c level,
F:C-R was not significantly associated with HbA1c (P= 0·615),
whereas increasing age was positively associated with HbA1c
(P< 0·001).
Online Supplementary Table S1 shows changes in energy

intakes by food groups across the 5-month study period. On
average, participants increased their energy intakes from beans,
green/yellow vegetables, plain-coloured vegetables, mush-
rooms and seaweeds, potato and fruits, whereas their energy
intakes from milk, egg, fish, meat, grain, sugar food, oil food
and other food decreased.
Table 3 presents results of the analysis evaluating factors

associated with changes in HOMA-IR. The unadjusted analysis
showed that increases in the F:C-R during the 5-month follow-
up was associated with a reduction in HOMA-IR (P= 0·009).
Adjustment for other covariates attenuated the association
(P= 0·093). The covariates included age, sex, β3AR poly-
morphism, baseline measures (HOMA-IR, body fat mass, lean

body mass, average number of steps taken, intakes of total
energy, carbohydrate, fat, protein and F:C-R) and changes in
average number of steps taken, change in intakes of total
energy, carbohydrate, fat and protein, and percentage changes
in body fat mass and lean body mass. Inclusion of percentage
change in body fat mass, a hypothesised intermediate in
the causal pathway, in the model greatly attenuated the
association between the F:C-R change and HOMA-IR change
(P= 0·515).

Table 4 shows the regression coefficients for variables
included in the multivariable models for changes in HbA1c.
Increases in the F:C-R during the 5-month follow-up was
associated with a reduction in HbA1c (P< 0·001), even after
adjusting for potential confounders, including age, sex, β3AR
polymorphism, baseline measures (HbA1c, body fat mass, lean
body mass, average number of steps taken, intakes of total
energy, carbohydrate, fat and protein, and F:C-R) and changes
in average number of steps taken; change in intakes of total
energy, carbohydrate, fat and protein; and percentage changes
in body fat mass and lean body mass. In addition, a higher
baseline HbA1c level was associated with greater decreases in
HbA1c in the multivariable model (P< 0·001).

Because β3AR polymorphism was significantly associated
with log-transformed baseline HOMA-IR, we evaluated the
presence of effect modification (statistical interaction) by the
polymorphism. The interaction model (including a term repre-
senting the product of the baseline F:C-R and carrier status of
the β3AR polymorphism) adjusting for potential confounders
approached statistical significance (P= 0·093), suggesting
potential heterogeneity in effect of F:C-R on HOMA-IR by β3AR
polymorphism carrier status. In stratified multivariable analyses,
the baseline F:C-R was not significantly associated with baseline
log HOMA-IR (coefficient= 0·0141, P= 0·647) in non-carrier
participants; however, in participants carrying the poly-
morphism, F:C-R was inversely associated with log HOMA-IR
(coefficient= −0·0970, P= 0·018).

Table 2. Coefficients of variables included in the multiple linear regression models for baseline log homoeostasis model of
assessment for insulin resistance (HOMA-IR) and HbA1c*
(Coefficients and 95% confidence intervals)

Log HOMA-IR (n 190) HbA1c (n 190)

Coefficients 95% CI P Coefficients 95% CI P

F:C-R† −0·030 −0·077, 0·017 0·214 −0·007 −0·036, 0·022 0·615
Age (years) 0·005 −0·003, 0·012 0·225 0·012 0·007, 0·017 <0·001
Sex −0·736 −1·215, −0·257 0·003 0·095 −0·200, 0·390 0·526
β3AR polymorphism 0·218 0·052, 0·384 0·010 0·081 −0·021, 0·183 0·120
Body fat mass (kg) 0·054 0·037, 0·072 <0·001 0·010 −0·001, 0·021 0·065
Lean body mass (kg) −0·012 −0·034, 0·011 0·303 0·008 −0·006, 0·021 0·269
Average steps (per 1000 steps) −0·010 −0·032, 0·012 0·368 −0·001 −0·015, 0·012 0·843
Carbohydrate intake (per 10 g) 0·007 −0·013, 0·027 0·498 −0·0004 −0·013, 0·012 0·947
Fat intake (per 10 g) −0·027 −0·097, 0·044 0·457 0·022 −0·022, 0·065 0·324
Protein intake (per 10 g) −0·045 −0·126, 0·036 0·272 0·005 −0·045, 0·055 0·843
R2 0·3146 0·2041
P <0·001 <0·001
Variance inflation factor

Mean 1·76 1·76
Range 1·05–2·72 1·05–2·72

F:C-R, fibre to carbohydrate ratio; β3AR, β-3 adrenergic receptor.
* Baseline energy intake was included in the original model; however, the variable was excluded from the final model owing to multicollinearity.
† F:C-R was calculated by dividing fibre intake by total carbohydrate intake and multiplying it by 100.
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Discussion

To the best of our knowledge, no past studies have specifically
investigated the relationship between F:C-R and measures of
glucose tolerance. We observed, in a cross-sectional analysis,
that individuals with a higher ratio of fibre to carbohydrate
intake had significantly lower HOMA-IR as compared with
those with a lower ratio. Interestingly, the higher-ratio group
and the lower-ratio group had very similar mean carbohydrate
and fat intakes, as well as percentage energy from these nutrients;
however, the two groups had significantly different HOMA-IR
levels. This finding may suggest the presence of factors other
than relative proportions of macronutrients that significantly
affect insulin resistance.
We also demonstrated an inverse association between

changes in F:C-R and changes in HbA1c after adjusting for
potential confounders. The result suggests that, on average,
participants with greater increase in the F:C-R over the 5-month
period had greater reduction in HbA1c. Our results are sup-
ported by previous studies showing an association between
higher fibre intake and lower risk of incident diabetes(6,7). The
analysis of HOMA-IR showed a similar association, which was

not, however, statistically significant after adjustment for
potential confounders. The disparity in association could be
attributed to the possibility that an increase in F:C-R may result
in reduced postprandial glucose levels, which are more strongly
correlated with HbA1c levels as compared with fasting plasma
glucose levels(35). Some studies have shown that soluble dietary
fibre can help reduce postprandial glucose levels potentially
through slowing the rate of glucose absorption in the intes-
tine(36,37). Increase in F:C-R may have had smaller effects on
fasting plasma glucose levels, which were used to calculate
HOMA-IR, over the study period.

Interestingly, we also observed evidence that the Trp64Arg
polymorphism may modify the relationship between the F:C-R
and baseline HOMA-IR. The ratio was inversely associated with
log HOMA-IR at baseline in carriers. The variant of the β3AR
gene (Trp64Arg) has been considered one candidate locus that
increases susceptibility to obesity and insulin resistance(23,38,39).
Some studies showed association of the variant with higher
BMI(24,25), increased capacity to gain weight(23) and early onset
of type 2 diabetes mellitus(38,39), although not all studies support
the association(40,41). These studies did not account for dietary
factors in their analyses(23–25,38–41). Further investigation is

Table 3. Coefficients of variables included in the multiple linear regres-
sion models for changes in homoeostasis model of assessment for insulin
resistance (HOMA-IR)

Change in HOMA-IR

Unadjusted Adjusted*

Coefficients P Coefficients P

Changes in
F:C-R† −0·095 0·009 −0·044 0·093
Fibre intake (g) −0·023 0·124 – –

Energy intake (per 100 kcal) 0·019 0·391 – –

Carbohydrate intake (per 10 g) 0·014 0·369 – –

Fat intake (per 10 g) 0·021 0·675 – –

Protein intake (per 10 g) −0·026 0·591 – –

Percentage changes in
Body fat mass 0·024 0·014 – –

Lean body mass −0·022 0·419 – –

Change in average steps −0·030 0·174 – –

(per 1000 steps)
Baseline HOMA-IR −0·734 <0·001 −0·801 <0·001
Age (per 10 years) 0·009 0·906 0·077 0·110
Sex 0·816 0·038 – –

β3AR polymorphism −0·087 0·631 – –

Baseline measures
Body fat mass (kg) −0·031 0·023 0·030 0·001
Lean body mass (kg) −0·045 0·003 – –

Average steps (per 1000 steps) 0·017 0·473 – –

Energy intake (per 100 kcal) −0·004 0·879 – –

Carbohydrate intake (per 10 g) −0·012 0·471 – –

Fat intake (per 10 g) 0·034 0·568 – –

Protein intake (per 10 g) 0·060 0·286 – –

F:C-R† 0·073 0·126 −0·050 0·145
R2 0·644
P (model) <0·001
Variance inflation factors
Mean 1·25
Range 1·03–1·41

F:C-R, fibre:carbohydrate ratio; β3AR, β-3 adrenergic receptor.
* The adjusted model initially included F:C-R change, age, sex and variables with a

P-value<0·20 in the unadjusted analysis. Percentage change in body fat mass was
excluded because it is considered to be in the pathway of F:C-R change leading
to HOMA-IR change. Change in average steps, sex and baseline lean body mass
were excluded from the model owing to the minimal influence on F:C-R change.

† F:C-R was calculated by dividing fibre intake by total carbohydrate intake and
multiplying it by 100.

Table 4. Coefficients of variables included in the multiple linear regres-
sion models for changes in HbA1c

Change in HbA1c

Unadjusted Adjusted*

Coefficients P Coefficients P

Changes in
F:C-R† −0·029 <0·001 −0·028 <0·001
Fibre intake (g) −0·009 0·001 – –

Energy intake (per 100 kcal) 0·005 0·248 – –

Carbohydrate intake (per 10 g) 0·002 0·479 – –

Fat intake (per 10 g) 0·013 0·159 – –

Protein intake (per 10 g) −0·00003 0·998 – –

Percentage changes in
Body fat mass 0·005 0·007 – –

Lean body mass −0·003 0·534 – –

Change in average steps 0·0001 0·979 – –

(per 1000 steps)
Baseline HbA1c −0·262 <0·001 −0·276 <0·001
Age (per 10 years) 0·002 0·893 0·033 0·019
Sex 0·049 0·521 – –

β3AR polymorphism −0·014 0·685 – –

Baseline measures:
Body fat mass (kg) −0·005 0·037 – –

Lean body mass (kg) −0·006 0·048 – –

Average steps (per 1000 steps) −0·001 0·879 – –

Energy intake (per 100 kcal) −0·006 0·233 – –

Carbohydrate intake (per 10 g) −0·002 0·474 – –

Fat intake (per 10 g) −0·008 0·496 – –

Protein intake (per 10 g) −0·009 0·417 – –

F:C-R† 0·013 0·157 −0·009 0·307
R 2 0·282
P (model) <0·001
Variance inflation factors

Mean 1·26
Range 1·14–1·37

F:C-R, fibre:carbohydrate ratio; ; β3AR, β-3 adrenergic receptor.
* The adjusted model initially included F:C-R change, age, sex and variables with a

P-value <0·20 in the unadjusted analysis. Percentage change in body fat mass was
excluded because it is considered to be in the pathway of F:C-R change leading to
HbA1c change. Change in fat intake, sex, baseline body fat mass and lean body
mass were excluded from the model owing to the minimal influence on F:C-R
change.

† F:C-R was calculated by dividing fibre intake by total carbohydrate intake and
multiplying it by 100.
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warranted to evaluate whether carriers of this polymorphism
may gain weight and develop insulin resistance more easily as
compared with non-carriers if their F:C-R are low.
Our findings have significant implications on the dietary

interventions aimed at type 2 diabetes prevention. Although
results from some randomised trials favour low-carbohydrate
diets as compared with high-carbohydrate diets(4,11–13), our
findings raise the possibility that a high-carbohydrate diet may
be a feasible dietary strategy for diabetes prevention as long as
F:C-R is maintained at a high level, as was the case for tradi-
tional Asian diets(42). This possibility is important because diets
relatively high in carbohydrate with a high F:C-R may be more
sustainable than low-carbohydrate diets, which were shown to
have higher attrition rates in some randomised trials lasting
1 year or longer(4,43). Furthermore, a meta-analysis of obser-
vational studies showed increased risk of all-cause mortality in
subjects on low-carbohydrate diets(44). Long-term large-scale
prospective studies are warranted to investigate the combined
effects of different relative proportions of macronutrients and
F:C-R on weight, metabolic profile and dropout rates.
Taking a ratio of fibre to carbohydrate intake may have an

advantage over simply measuring the intake of fibre in terms of
predicting the level of insulin resistance. Two individuals with
equal intake of dietary fibre could have markedly different
intakes of refined sugars and total energy, which likely affects
their risk of developing insulin resistance(18). F:C-R may differ-
entiate such individuals and enable clinicians or dietitians to
identify those at increased risk of metabolic disturbance. Given
the scarcity of studies comparing the effect of diets with equal
amount of fibre and different levels of total carbohydrate
intakes, this topic warrants further investigation.
Among the fibre-containing food groups, the high F:C-R

group had significantly greater energy intakes from beans,
green/yellow vegetables, plain-coloured vegetables, mush-
rooms and seaweeds and fruits, as compared with the low F:C-R
group. Frequently consumed foods for each of these food
groups were as follows – (1) beans: tofu (firm tofu, silken tofu,
fried tofu), natto (fermented soyabeans); (2) green/yellow
vegetables: carrot, spinach, tomato, pumpkin, broccoli;
(3) plain-coloured vegetables: daikon radish, onion, cabbage,
Chinese cabbage, cucumber; (4) mushrooms and seaweeds:
shimeji, shiitake, enokitake, wakame (sea mustard), hijiki;
(5) fruits: banana, apple, mandarin. Taking the average F:C-R of
these foods based on a Japanese food composition book (Excel
Eiyo-kun, version 8.0) showed that mushrooms and seaweeds and
beans had F:C-R above 50, and green/yellow vegetables and
plain-coloured vegetables had F:C-R above 30. Thus, recom-
mending foods from these food groups is likely to lead to practical
dietary advice that can increase the F:C-R of a person’s diet.
Our study has several strengths. First, a ratio of dietary fibre to

carbohydrate intake may be easy for lay individuals who are not
trained in dietetics to use. People can imagine that foods high in
fibre, such as vegetables, legumes and brown rice, increase the
ratio, whereas refined grains, sugary snacks and sweetened
beverages increase total carbohydrate intake without increasing
fibre intake, thus lowering the ratio. Thinking of how each food
they consume changes their diet’s overall F:C-R can help them
design dietary regimens with favourable ratios that may

improve their glucose tolerance. Second, our ability to investi-
gate the association between longitudinal changes in F:C-R and
glucose tolerance addressed the temporality assumption in
causal inference and provided added confidence in the results.
Third, the quality of dietary data obtained in this study is likely
to be high because participants were encouraged to weigh the
amount of food using a scale, and registered dietitians inter-
viewed each participant regarding the amount of foods con-
sumed and the seasonings used in order to improve the
accuracy of the diet records. Moreover, we evaluated the
validity of self-reported diet records by the Goldberg
method(31), which suggested the absence of under-reporting or
over-reporting.

Our study also had limitations. First, the duration of the diet
and exercise programme was 5 months. We cannot conclude
whether our results are applicable for a longer period of time,
but expect that dietary changes maintained beyond this period
would provide sustained or additional improvements in insulin
resistance parameters. Second, most of the participants were
middle-aged or elderly Japanese women without diabetes.
Thus, the findings from this study may not be extrapolated to
other racial/ethnic groups or male subjects who are affected
with diabetes. Whether a high F:C-R diet would help to improve
glucose tolerance in patients with type 2 diabetes is uncertain
and cannot be concluded from the study. However, our find-
ings are important because research on patients without type 2
diabetes has been scarce. Third, it is possible that the 3-d diet
records provided by the participants may not reflect their usual
dietary intake; however, because the purpose of this self-
initiated voluntary 5-month programme was to improve their
dietary habit, it is unlikely that they intentionally overestimated
or underestimated their food intakes, as suggested by the
validity evaluation using the Goldberg method(31). Fourth, the
actual amount of physical activity that participants engaged
might not have been well captured by average number of steps
taken per day, which was included in our analyses. Because
physical activity has been shown to be associated with lower
risk of incident type 2 diabetes(45–47), more accurate measures
of physical activity would have improved the quality of our
study. Fifth, intakes of simple carbohydrates, such as glucose
and fructose, were not separately measured in this study.
Because differential effects of these carbohydrates on metabolic
disturbances have been demonstrated(48), this topic merits
further investigation in future studies. Last, although we con-
sidered a comprehensive breadth of potential confounders, like
most observational studies, we cannot completely rule out the
influence of residual confounding and/or unknown con-
founders. These limitations, however, are unlikely to under-
mine the significance of a F:C-R in diabetes prevention given
supportive evidence derived from two different measures of
glucose tolerance, the strength of associations with HbA1c and
confirmation by longitudinal analyses in the context of previous
supportive scientific literature.

Conclusion

We found that an increase in F:C-R was associated with a
reduction in HbA1c in Japanese subjects enrolled in a 5-month
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diet and exercise programme. Our findings suggest the possi-
bility that a relatively high-carbohydrate diet can be a viable
strategy for diabetes prevention if a F:C-R is maintained at a
high level. The relationship among relative proportions of
macronutrients, F:C-R and insulin resistance merits further
investigation. Overall, our findings strongly suggest the need to
take into account the quality of carbohydrate, or a ratio of fibre
to carbohydrate intake, in strategies aimed at type 2 diabetes
prevention in East Asian populations.
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