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Abstract
We aimed to examine the association between low-carbohydrate diet (LCD) scores during the first trimester and gestational diabetes mellitus
(GDM) risk in a Chinese population. A total of 1455womenwere included in 2017. Dietary information during the first trimester was collected by
24-h dietary recalls for 3 d. The overall, animal and plant LCD scores, which indicated adherence to different low-carbohydrate dietary patterns,
were calculated. GDM was diagnosed based on the results of a 75-g, 2-h oral glucose tolerance test at 24–28 weeks gestation. Log-binomial
models were used to estimate relative risks (RR) and 95 % CI. The results showed that the multivariable-adjusted RR of GDM from the lowest
to the highest quartiles of the overall LCD score were 1·00 (reference), 1·15 (95 % CI 0·92, 1·42), 1·30 (95 % CI 1·06, 1·60) and 1·24 (95 % CI 1·01,
1·52) (P= 0·026 for trend). Multivariable-adjusted RR (95 %CI) of GDM from the lowest to the highest quartiles of the animal LCD scorewere 1·00
(reference), 1·20 (95 % CI 0·96, 1·50), 1·41 (95 % CI 1·14, 1·73) and 1·29 (95 % CI 1·04, 1·59) (P= 0·002 for trend). After additional adjustment for
gestational weight gain before GDM diagnosis, the association of the overall LCD score with GDM risk was non-significant, while the association
of animal LCD score with GDM risk remained significant. In conclusion, a low-carbohydrate dietary pattern characterised by high animal fat and
protein during the first trimester is associated with an increased risk of GDM in Chinese women.
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Gestational diabetes mellitus (GDM), a common pregnancy
complication, is characterised by hyperglycaemia during preg-
nancy(1). In recent decades, the prevalence of GDM has become
a worldwide growing health concern. In China, the prevalence
of GDM has been over 10% in recent years(2–4). GDM has not only
been connected to an increased risk of adverse pregnancy out-
comes(5) but also an increased risk of several metabolic diseases
for both mothers(6,7) and their offspring(8,9) in the long term. It
was estimated that $5·59 billion was spent treating GDM and its
complications in China in 2015(10). Thus, the identification of modi-
fiable risk factors plays a vital role in the prevention of GDM.

Dietary factors, as modifiable risk factors, were associated with
GDM risk(11). Previous studies have shown that the intake of indi-
vidual macronutrients was associated with GDM risk. The findings
have indicated that higher intakes of total fat(12,13), animal fat(14),
total protein(15) and animal protein(16) and a lower intake of

carbohydrate(13,17) were linked to an increased risk of GDM,
whereas dietary fat and carbohydrate intakes in early pregnancy
were not associated with GDM risk in one study(18). If one macro-
nutrient intake is increased, otherswill be decreased. Therefore, the
balanced intake of the three macronutrients should be simultane-
ously considered in the overall diets. A comprehensive score,
known as the ‘low-carbohydrate diet score’, was created by
Halton et al.(19) based on the relative levels of carbohydrate, fat
and protein intake. A higher low-carbohydrate diet (LCD) score
means a lower intake of carbohydrate and higher intakes of fat
and protein, and it also represents greater adherence to a low-
carbohydrate dietary pattern.

Two studies have examined the association of pre-pregnancy
LCD scores with GDM risk(20,21). In the Nurses’ Health Study II
and the Australian Longitudinal Study on Women’s Health, the
LCD score was significantly related to an increased risk of
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GDM; moreover, the Nurses’Health Study II observed a positive
association of the animal-based LCD score with GDM risk.
However, the effect of the LCD during pregnancy on the devel-
opment of GDM is unclear. Lifestyle modification, including
dietary intervention during pregnancy, particularly before the
15th week of gestation, can decrease the incidence of
GDM(22). Thus, using data from a prospective cohort study in
China, we aimed to examine the association between LCD scores
during the first trimester and GDM risk.

Methods

Study population

Participants were drawn from a population-based prospective
cohort study conducted in Sichuan Provincial Hospital for
Women and Children, Southwest China. From February to July
2017, we recruited 1673 healthy women who met the inclusion
criteria: singleton pregnancy, gestational age ranging from 6 to
14 weeks and no chronic metabolic diseases. The study was
approved by the Ethics Committee of SichuanUniversity. All par-
ticipants provided written informed consent when recruited to
the study.

In the analysis, we excluded participants with unfinished
dietary surveys (n 8). We also excluded participants with a his-
tory of GDM (n 39) because these diagnoses could result in
dietary changes in the next pregnancy. Furthermore, we
excluded women who had implausible energy intakes (<2092
or >14 644 kJ/d)(23) (n 16) or missing data on the diagnosis of
GDM (n 155) (Fig. 1). The final analysis included 1455 women.

Assessment of dietary intake

Dietary information was assessed by 24-h dietary recalls for three
consecutive days including twoweekdays and oneweekend day.
Information on all types and amounts of food consumed by the
participants in the past 24 h was collected by specialised investi-
gators via face-to-face interviews at recruitment. To reduce mea-
surement error, standard serving bowls, cups, spoons and
illustrative food pictures of various portion sizes(24) were dis-
played to help the participants estimate intakes of food. The next
2 d of dietary information was collected by specialised investiga-
tors through telephone interviews.

To calculate macronutrient intakes, the amount of each food
consumedwasmultiplied by the nutrient content per gram of the
food as obtained from the Chinese Food Composition Tables(25).
The average daily intakes of energy and nutrients were calcu-
lated using a Nutrition Calculator (V2.7.3). Intakes of macronu-
trients were computed as the percentages of total energy intake
by the nutrient-density method, and other nutrient intakes were
adjusted for total energy intake by the residual method(23).

Calculation of low-carbohydrate diet scores

Three LCD scores were calculated according to the method of
Halton et al.(19). The overall LCD score was calculated by divid-
ing the study participants into eleven categories based on the
percentages of energy from total fat, total protein and carbohy-
drate. The total fat and total protein categories were scored 0–10

points from the lowest to the highest intake, respectively.
Conversely, carbohydrate categories were scored 10–0 points
from the lowest to the highest intake. An overall LCD score rang-
ing from 0 to 30 was created by summing the points for the three
macronutrients. A higher score indicated a higher proportion of
energy from total fat and total protein and a lower proportion of
energy from carbohydrate. Similarly, the animal LCD score was
calculated according to the percentages of energy from carbohy-
drate, animal fat and animal protein. The plant LCD score was
calculated according to the percentages of energy from carbohy-
drate, plant fat and plant protein. Table 1 presents the points of
the respective macronutrient categories used for the determina-
tion of overall, animal and plant LCD scores.

Ascertainment of gestational diabetes mellitus

Between 24 and 28 weeks of gestation, participants were rou-
tinely screened by the 75-g, 2-h oral glucose tolerance test to
diagnose GDM. According to the diagnostic criteria of the
International Association of Diabetes Pregnancy Study Group
guidelines(26), GDM was diagnosed if any one or more plasma
glucose values met or exceeded the following thresholds: fasting
plasma glucose≥5·1 mmol/l, 1-h plasma glucose≥10·0 mmol/l
or 2-h plasma glucose≥8·5 mmol/l.

Assessment of covariates

Covariates were chosen based on previous studies(27–29). The cur-
rent review showed that maternal age, pre-pregnancy BMI, ethnic-
ity, parity, family history of diabetes mellitus, cigarette smoking and
physical activity were associated with GDM(27). In addition to the
above covariates, studieswhich exploring the relationship between
dietary patterns and GDM have additionally selected education
level, family income, alcohol consumption and gestational weight
gain as covariates that might influence the association between

Fig. 1. Flow chart for inclusion and exclusion of the study participants. GDM,
gestational diabetes mellitus.
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dietary patterns and GDM for analysis(28,29). Therefore, these cova-
riates were assessed in our study.

Covariates were assessed by a self-designed questionnaire at
enrolment via a face-to-face interview. Ethnicity was categorised
into Han Chinese and others. Maternal age was divided into four
categories (≤24, 25–29, 30–34 and≥35 years). Self-reported pre-
pregnancy weight and measured height at inclusion were col-
lected to calculate pre-pregnancy BMI, which was categorised
into three groups (<18·5, 18·5–23·9 and ≥24·0 kg/m2) according
to the Chinese obesity criteria(30). Gestational weight gain before
GDM diagnosis was calculated by subtracting self-reported pre-
pregnancy weight from weight measured at oral glucose toler-
ance tests. Educational level was divided into three categories
(≤12, 13–15, and ≥16 years) based on the number of completed
years of education. Family income level was categorised into
four groups (≤2999, 3000–4999, 5000–9999 and ≥10 000
Chinese Yuan/month). Parity was divided into two categories
(primiparity or multiparity). Physical activity (metabolic equiva-
lent of task-h/week)wasmeasured using the Pregnancy Physical
Activity Questionnaire(31), which has demonstrated good reli-
ability and validity in Chinese pregnant women(32). The other
covariates, including work during early pregnancy, family his-
tory of diabetes, and smoking and alcohol drinking status, were
regarded as dichotomised variables (yes, no). Smoking was
defined as tobacco smoking during the 6 months before concep-
tion or during pregnancy, and alcohol consumption was defined
as alcohol consumption during the 6 months before conception
or during pregnancy.

Statistical analysis

Distributions of categorical variables were described as frequen-
cies and percentages. Means and standard deviations were used
to describe continuous variables with a normal distribution, and
medians and interquartile ranges (IQR) were used to describe
continuous variables with a skewed distribution. Comparisons
of categorical variables between groups were performed using
χ2 tests. Continuous variables were compared by one-way
ANOVA or non-parametric Kruskal–Wallis tests according to
their normal or skewed distributions.

Participants were divided into quartiles according to overall,
animal and plant LCD scores. Relative risks (RR) and 95 % CI
were estimated through log-binomial models(33) with general-
ised linear regression. In a few cases, the log-binomial models
failed to converge when three or more covariates were continu-
ous variables in our study. Then, the Poisson regression with
robust standard errors was used(34), which has no difficulty in
converging and gives reasonable estimates of the prevalence
ratio(35). To test a linear trend, themedian values for each quartile
of the three LCD scores were assigned and modelled as continu-
ous variables.

In the multivariate analysis, four models were included.
Model 1 was the crudemodel. Model 2 was adjusted for maternal
age (≤24, 25–29, 30–34 or ≥35 years), pre-pregnancy BMI
(<18·5, 18·5–23·9 or ≥24·0 kg/m2) and total energy intake
(kJ/d). Model 3 was adjusted for model 2 plus ethnicity (Han
Chinese or others), educational level (≤12, 13–15 or ≥16 years),
family income level (≤2999, 3000–4999, 5000–9999 or ≥10 000T
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Chinese Yuan/month), parity (primiparity or multiparity), family
history of diabetes (yes or no), smoking (yes or no), alcohol
drinking (yes or no) and physical activity (metabolic equivalent
of task-h/week). Model 4 was adjusted for model 3 plus gesta-
tional weight gain before GDM diagnosis (kg). The goodness
of fit of the models was assessed by the Akaike information
criterion.

To examine potential dietary contributors to the association of
LCD scores with GDM risk, we additionally and separately adjusted
for each macronutrient (e.g. carbohydrate, animal fat, animal pro-
tein, plant fat and plant protein), carbohydrate quality (e.g. dietary
fibre, glycaemic index and glycaemic load) and each food group
(e.g. red meat, poultry, fish, eggs, dairy food, refined grains, whole
grains, tubers, fruits, vegetables, nuts and legumes)(21).

Stratified analyses were performed to assess whether the
association of the three LCD scores and GDM risk was modified
bymaternal age (<35 v.≥35 years), pre-pregnancy BMI (<24·0 v.
≥24·0 kg/m2), family history of diabetes (yes v. no) and physical
activity (<median v.≥median). Because advancedmaternal age,
pre-pregnancy overweight or obesity, family history of diabetes
and physically inactive lifestyle were risk factors for GDM(27),
these variables were chosen as stratified factors. Interaction tests
were conducted in multivariable models.

All statistical analyses were performed using Stata version
15.0 (Stata Corp LP). A two-tailed P value <0·05 was considered
statistically significant.

Results

Baseline characteristics

Among 1455 participants, 520 cases of GDM were diagnosed.
The mean age of participants was 28·5 (SD 4·0) years, and the
mean pre-pregnancy BMI was 21·0 (SD 2·7) kg/m2. Women with
GDM had higher age and pre-pregnancy BMI (see online sup-
plementary material, Supplemental Table S1). The median of
overall, animal and plant LCD scores was 15·0 (IQR 8·0, 22·0),
15·0 (IQR 8·0, 22·0) and 15·0 (IQR 11·0, 19·0), respectively.
The median of daily carbohydrate intake for all participants
was 245·3 (IQR 202·4, 297·5) g. The median of daily carbohy-
drate intake from the lowest to the highest quartiles of the overall
LCD score was 277·6 (IQR 225·2, 347·8) g, 264·2 (IQR 221·0,
309·5) g, 239·9 (IQR 208·0, 284·6) g and 209·4 (IQR 169·6,
253·8) g, respectively. The median of daily carbohydrate intake
from the lowest to the highest quartiles of the animal LCD score
was 277·4 (IQR 225·8, 347·5) g, 263·2 (IQR 218·7, 311·8) g, 242·3
(IQR 211·6, 284·7) g and 209·6 (IQR 171·3, 254·0) g, respectively.
The median of daily carbohydrate intake from the lowest to the
highest quartiles of the plant LCD score was 256·7 (IQR 209·3,
308·7) g, 254·5 (IQR 205·9, 299·0) g, 248·9 (IQR 208·4, 302·5) g
and 231·8 (IQR 190·1, 274·3) g, respectively.

Participants with higher overall LCD scores were more
often primiparous and more likely to have a family history
of diabetes; consumed more vegetables and red meats, eggs,
dairy products, legumes and nuts; and consumed less refined
grains and fruits (Tables 2 and 3). Participants with higher ani-
mal LCD scores were more likely to have a family history of
diabetes; consumed more vegetables, red meats, eggs, dairy

products and nuts; and consumed less dietary fibre, refined
grains and fruits (see online supplementary material,
Supplemental Tables S2 and S3). Participants with higher
plant LCD scores were more often primiparous and consumed
more total energy, dietary fibre, whole grains, vegetables and
red meats, eggs, legumes and nuts but consumed less refined
grains (see online supplementary material, Supplemental
Tables S4 and S5). The correlation coefficients between
LCD score distributions were as follows: 0·93 between the
overall LCD score and the animal LCD score, 0·51 between
the overall LCD score and the plant LCD score and 0·23
between the animal LCD score and the plant LCD score
(All P < 0·05).

Association between low-carbohydrate diet scores and
gestational diabetes mellitus risk

The overall and animal LCD scores were significantly and posi-
tively associated with GDM risk in crude and multivariable-
adjusted models (Table 4). Multivariable-adjusted RR of GDM
from the lowest to the highest quartiles of the overall LCD score
were 1·00 (reference), 1·15 (95%CI 0·92, 1·42), 1·30 (95%CI 1·06,
1·60) and 1·24 (95 % CI 1·01, 1·52) (P= 0·026 for trend) after
adjustment for dietary, socio-demographic and lifestyle factors
(model 3). The effect size of the overall LCD score on GDM risk
was no longer statistically significant after additional adjustment
for gestational weight gain before GDM diagnosis (model 4).
Multivariable-adjusted RR of GDM from the lowest to the highest
quartiles of the animal LCD scorewere 1·00 (reference), 1·20 (95 %
CI 0·96, 1·50), 1·41 (95% CI 1·14, 1·73) and 1·29 (95 % CI 1·04,
1·59) (P= 0·002 for trend) after adjusting for dietary, socio-dem-
ographic and lifestyle factors (model 3). The effect size of the ani-
mal LCD score on GDM risk was slightly attenuated but remained
significant after additional adjustment for gestational weight gain
beforeGDMdiagnosis (model 4). Therewas no statistically signifi-
cant association between the plant LCD score and the risk
of GDM.

To examine which dietary variables were main contributors
to the association of the animal LCD score with GDM risk, addi-
tional adjustments for some nutrients and food groups were
modelled. The effect sizes of the animal LCD score on GDM risk
in the highest quartile v. the lowest quartile were attenuated after
adjustment for carbohydrate (RR: 1·34; 95 % CI 0·91, 1·96), total
fat (RR: 1·17; 95 % CI 0·86, 1·59) and animal fat (RR: 1·26; 95 % CI
0·88, 1·80) (see online supplementary material, Supplemental
Table S6).

Stratified analyses

The associations between LCD scores and GDM were still con-
sistent in most subgroups after performing stratified analyses
(see online supplementary material, Supplemental Table S7).
The relationship of overall LCD score and GDM was positive
among participants in subgroups of high pre-pregnancy BMI
(≥24 kg/m2) and no family history of diabetes, while the inter-
actions for these stratified variables were not significant. The ani-
mal LCD score was significantly and positively associated with
the risk of GDM among participants in subgroups of low age
(<35 years), low pre-pregnancy BMI (<24 kg/m2), no family
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history of diabetes and low physical activity (<median).
However, the interactions for these stratified variables were
not significant.

Discussions

In this study, we observed that a higher overall LCD score during
the first trimester was significantly associated with a higher inci-
dence of GDM, while the association was no longer statistically
significant after additional adjustment for gestational weight gain
before GDM diagnosis. The animal LCD score during the first tri-
mester was significantly associated with an increased risk of
GDM. In contrast, the plant LCD score during the first trimester
was not significantly associated with GDM risk.

Our results were similar to the Nurses’ Health Study II(21) and
the Australian Longitudinal Study on Women’s Health(20), whose
results showed that the pre-pregnancy LCD score was positively
associated with GDM risk. However, these two studies did not
explore the influence of weight gain during pregnancy on the
association between LCD scores and GDM. In our study, the pos-
itive association of the overall LCD scorewithGDMwas no longer

statistically significant after additional adjustment for gestational
weight gain before GDM diagnosis, suggesting that this positive
association may have been due to the influence of gestational
weight gain. The Nurses’ Health Study II also explored the effect
of animal and vegetable LCD scores on GDM risk, and the results
indicated that a higher animal LCD score was linked to a higher
risk of GDM, while the relationship between the plant LCD score
and GDM risk was not statistically significant. This was supported
by other studies showing that a higher GDM risk was correlated
with a higher consumption of animal fat(14) and animal protein(16).
In addition, a recent observational study fromChina indicated that
the animal LCD score was positively associated with oral glucose
tolerance test 1-h glucose(29), suggesting that a low-carbohydrate
dietary pattern with high animal fat and protein was associated
with an increased risk of abnormal maternal glucose metabolism.
However, the positive association between the animal LCD score
andGDM riskwas observed to be non-linear in our study because
the RR was higher in the third quartile than in the highest quartile
of animal LCD score. This might be because women in the third
quartile of animal LCD score had higher intakes of total energy
and lower levels of physical activity than those in the highest
quartile group.

Table 2. Baseline characteristics of participants according to quartiles of the overall low-carbohydrate diet (LCD) score
(Numbers and percentages; median and interquartile range)

Quartiles of the overall LCD score

P

All participants
(n 1455)

Quartile 1
(n 329)

Quartile 2
(n 364)

Quartile 3
(n 373)

Quartile 4
(n 389)

n % n % n % n % n %

Age at enrolment (years) 0·739
≤ 24 269 18·5 68 20·7 66 18·1 66 17·7 69 17·7
25–29 774 53·2 177 53·8 197 54·2 196 52·5 204 52·4
30–34 287 19·7 62 18·8 75 20·6 72 19·3 78 20·1
≥35 125 8·6 22 6·7 26 7·1 39 10·5 38 9·8

Pre-pregnancy BMI (kg/m2) 0·709
<18·5 220 15·1 44 13·4 48 13·2 62 16·6 66 17·0
18·5–23·9 1070 73·6 247 75·0 276 75·8 269 72·1 278 71·4
≥24·0 165 11·3 38 11·6 40 11·0 42 11·3 45 11·6

Educational level (schooling years) 0·051
≤12 332 22·8 86 26·1 87 23·9 85 22·8 74 19·0
13–15 526 36·2 124 37·7 139 38·2 133 35·6 130 33·4
≥16 597 41·0 119 36·2 138 37·9 155 41·6 185 47·6 0·076

Family income level (CNY/month)
≤2999 48 3·3 13 4·0 11 3·0 8 2·1 16 4·1
3000–4999 430 29·6 118 35·8 105 28·9 107 28·7 100 25·7
5000–9999 673 46·2 145 44·1 174 47·8 173 46·4 181 46·5
≥10 000 304 20·9 53 16·1 74 20·3 85 22·8 92 23·7

Ethnicity of Han Chinese (%) 1418 97·5 318 96·7 351 96·4 368 98·7 381 97·9 0·175
Work during early pregnancy (%) 902 62·0 204 62·0 214 58·8 238 63·8 246 63·2 0·503
Multiparity (%) 384 26·4 104 31·6 106 29·1 90 24·1 84 21·6 0·009
Family history of diabetes (%) 252 17·3 47 14·3 55 15·1 67 18·0 83 21·3 0·049
Smoking (%) 45 3·1 10 3·0 17 4·7 9 2·4 9 2·3 0·222
Alcohol drinking (%) 108 7·4 27 8·2 28 7·7 18 4·8 35 9·0 0·145
Physical activity* (MET-h/week) 0·199
Median 103·5 96·6 106·5 102·9 105·9
Interquartile range 73·0, 133·0 68·2, 132·6 75·7, 137·1 72·7, 128·4 74·4, 133·9
Gestational weight gain before GDM diagnosis* (kg) 0·009
Median 6·1 6·0 6·0 6·1 6·7
Interquartile range 4·1, 8·3 3·9, 8·0 4·1, 8·1 4·0, 8·3 4·8, 8·8

CNY, Chinese Yuan; MET, metabolic equivalent of task; GDM, gestational diabetes mellitus.
* Data of physical activity and gestational weight gain before GDM diagnosis were described by median and interquartile range.
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Table 3. Dietary intakes of participants according to quartiles of the overall low-carbohydrate diet (LCD) score
(Median values and interquartile ranges (IQR))

Dietary intakes

Quartiles of the overall LCD score

All participants (n 1455) Quartile 1 (n 329) Quartile 2 (n 364) Quartile 3 (n 373) Quartile 4 (n 389)

Median IQR Median IQR Median IQR Median IQR Median IQR P

Total energy (kJ/d) 7517·0 6200·7, 8913·2 7219·1 5775·6, 8970·5 7559·7 6363·4, 8824·1 7571·8 6518·7, 9007·7 7666·3 6235·4, 8970·5 0·080
Total fat (%E) 32·8 29·0, 37·1 26·2 23·8, 28·6 30·9 29·0, 32·6 34·4 32·4, 36·8 39·0 36·8, 42·6 <0·001
Animal fat (%E) 12·6 9·0, 16·7 7·4 5·2, 9·8 11·0 8·7, 13·4 14·3 11·8, 16·9 18·6 15·3, 21·8 <0·001
Plant fat (%E) 19·1 17·3, 21·8 18·0 16·8, 19·4 19·1 17·2, 21·5 19·8 17·7, 22·4 20·0 17·8, 23·2 <0·001
Total protein (%E) 12·1 10·7, 13·9 10·1 9·2, 10·8 11·6 10·7, 12·7 12·6 11·6, 14·0 14·6 13·2, 16·3 <0·001
Animal protein (%E) 5·2 3·5, 7·0 2·9 1·7, 3·7 4·4 3·5, 5·4 5·8 4·7, 6·9 7·9 6·5, 9·8 <0·001
Plant protein (%E) 6·8 6·0, 7·8 7·2 6·5, 8·1 7·0 6·3, 7·9 6·6 5·9, 7·6 6·4 5·5, 7·5 <0·001
Carbohydrate (%E) 54·9 49·2, 59·5 63·4 61·1, 66·4 57·4 56·3, 58·6 52·6 51·1, 54·0 46·2 42·9, 48·3 <0·001
Dietary fibre* (g/d) 11·5 9·0, 14·8 11·7 9·3, 15·0 11·3 8·7, 14·7 11·3 8·9, 15·0 11·7 9·1, 14·7 0·628
Dietary glycaemic index* 59·5 54·7, 64·5 61·6 56·9, 66·7 61·4 56·7, 65·7 59·2 54·5, 63·8 56·9 51·5, 61·1 <0·001
Dietary glycaemic load* 151·0 131·2, 170·2 179·6 163·4, 194·9 163·4 151·5, 175·6 144·9 133·0, 158·2 122·3 105·9, 134·7 <0·001
Refined grains (g/d) 191·6 144·1, 249·5 226·0 165·9, 299·1 216·4 167·0, 265·6 186·7 151·5, 233·3 153·8 115·0, 196·0 <0·001
Whole grains (g/d) 11·2 0·0, 46·5 6·0 0·0, 41·0 11·5 0·0, 50·0 12·1 0·0, 42·3 14·8 0·0, 50·5 0·054
Tubers (g/d) 28·0 0·0, 76·7 25·0 0·0, 90·0 33·3 0·0, 81·7 28·0 0·0, 70·0 25·7 0·0, 66·7 0·101
Fruits (g/d) 286·8 182·5, 423·2 319·0 198·5, 468·5 285·9 180·9, 427·3 288·0 190·9, 419·9 263·8 171·0, 377·5 0·002
Vegetables (g/d) 250·6 160·0, 362·3 219·5 131·7, 336·3 245·4 152·0, 363·6 258·3 168·9, 367·1 281·9 184·2, 367·8 <0·001
Red meat (g/d) 44·3 20·0, 75·0 18·0 4·3, 38·0 40·2 20·9, 66·7 52·4 26·7, 77·2 73·7 40·0, 110·3 <0·001
Poultry (g/d) 0·0 0·0, 16·0 0·0 0·0, 0·0 0·0 0·0, 10·0 0·0 0·0, 18·7 0·0 0·0, 34·3 <0·001
Fish (g/d) 0·0 0·0, 21·6 0·0 0·0, 0·0 0·0 0·0, 9·9 0·0 0·0, 32·0 0·0 0·0, 46·3 <0·001
Eggs (g/d) 33·3 13·2, 50·0 16·7 0·0, 40·9 33·3 16·7, 50·0) 37·4 16·7, 53·3 50·0 25·9, 60·2 <0·001
Dairy products (g/d) 125·0 0·0, 236·1 33·3 0·0, 164·6 83·3 0·0, 187·8 159·7 56·9, 250 180·0 83·3, 250·0 <0·001
Legumes (g/d) 3·0 0·0, 10·3 0·0 0·0, 7·4 2·0 0·0, 10·3 3·4 0·0, 10·3 6·0 0·0, 15·5 <0·001
Nuts (g/d) 5·0 0·0, 15·0 0·0 0·0, 7·4 4·0 0·0, 13·2 8·4 0·0, 19·4 9·9 0·0, 20·6 <0·001

%E, percentage of energy intake.
* Dietary variables were adjusted for total energy intake by the residual method.
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To interpret the association of the animal LCD score with the
incidence of GDM, the consumption of eachmacronutrient and its
major food source should be taken into consideration. The asso-
ciation between the animal LCD score and GDM risk was attenu-
ated after adjustment for carbohydrate, total fat and animal fat,
suggesting that the observed association may have been due to
the distribution intakes of carbohydrate, total fat and animal fat
across quartiles of the animal LCD score. In our study, 54·9%
of the total energy intake fromcarbohydrate and 32·8%of the total
energy intake from fat were similar to the average intake of carbo-
hydrate (55·0%E) and fat (32·9%E) in Chinese adults of the China
Nutrition and Health Surveys in 2010–2012(36). However, accord-
ing to the recommended acceptable macronutrient distribution
ranges in the Chinese Dietary Reference Intakes (2013)(37), the
median intake of total fat was beyond the standard in our study.
In particular, in the highest quartile of overall and animal LCD
score groups, participants had high total fat and total protein
intakes but low carbohydrate intake. Therefore, an unreasonable
macronutrient composition might be the main cause of GDM risk.

Our results were also supported by previous studies of macronu-
trients. Some studies have found that total fat(12,13) and animal fat(14)

intakes were significantly correlated with an increased risk of GDM.
Moreover, animal fat is rich in saturated fat, and one study docu-
mented that saturated fat has been linked to the risk of developing
gestational glucoseabnormalities(38). In addition, several studieshave
suggested that a higher total protein intake, particularly animal pro-
tein intake, might increase GDM risk(15,16), and one study found a

positive association between animal and vegetable protein intake
and the risk of GDM in Asian women(39). Furthermore, the Tongji
Maternal and ChildHealth Cohort study has shown that a low-carbo-
hydrate and high-protein dietary pattern during pregnancy was
linked to an increased risk of developing GDM in Chinese
women(28). These studiesmight support our finding that a low-carbo-
hydrate dietary pattern was positively associated with GDM risk.
Therefore, the total energy intake from carbohydrate, fat and protein
should be in an appropriate balance.

Because of the overall balance of macronutrients, low carbohy-
drate intake means high fat and high protein intake. Our results are
biologically plausible from the perspective of the intakes of fat, pro-
tein and carbohydrate, although the potential mechanisms need to
be further explored. High-fat diets and specific free fatty acids may
trigger oxidative stress and apoptosis, resulting in a reduction of β-
cellmass and β-cell dysfunction(40). In addition, high concentrations
of free fatty acids are likely one of the reasons for the development
of insulin resistance and hyperglycaemia during pregnancy(41,42).
Regarding dietary protein, a high-protein dietmay increase the con-
centration of plasma amino acids in the short term, which may
cause insulin resistance of skeletal muscle and the production of
endogenous glucose(43). In addition, animal protein-rich meals
were more likely to lead to high plasma concentrations of
branched-chain amino acids than plant protein-rich meals(44),
which may be one cause of insulin resistance and type 2 diabetes
mellitus(45,46). In terms of carbohydrate intake, an average of 66·8%
of total carbohydrate was from grains in our study, meaning that

Table 4. Association between low-carbohydrate diet (LCD) scores and risk of gestational diabetes mellitus (GDM)
(relative risk (RR) and 95 % confidence intervals)

Overall LCD score

Quartile 1 Quartile 2 Quartile 3 Quartile 4

RR 95 % CI RR 95 % CI RR 95 % CI RR 95 % CI Pfor trend

Median 4·0 11·0 18·0 25·0
Min, Max 0·0, 7·0 8·0, 14·0 15·0, 21·0 22·0, 30·0

GDM cases/pregnancies (n) 97/329 124/364 149/373 150/389
Model 1* 1·00 reference 1·16 0·93, 1·44 1·35 1·10, 1·67 1·31 1·06, 1·61 0·005
Model 2† 1·00 reference 1·14 0·92, 1·41 1·32 1·07, 1·61 1·25 1·02, 1·53 0·017
Model 3‡ 1·00 reference 1·15 0·92, 1·42 1·30 1·06, 1·60 1·24 1·01, 1·52 0·026
Model 4§ 1·00 reference 1·09 0·88, 1·36 1·23 1·00, 1·51 1·21 0·97, 1·49 0·048

Animal LCD score
Median 3·0 11·0 18·0 25·0
Min, Max 0·0, 7·0 8·0, 14·0 15·0, 21·0 22·0, 30·0

GDM cases/pregnancies (n) 93/332 122/359 148/357 157/407
Model 1* 1·00 reference 1·21 0·97, 1·52 1·48 1·20, 1·83 1·38 1·11, 1·70 0·001
Model 2† 1·00 reference 1·19 0·95, 1·48 1·42 1·15, 1·74 1·31 1·07, 1·62 0·004
Model 3‡ 1·00 reference 1·20 0·96, 1·50 1·41 1·14, 1·73 1·29 1·04, 1·59 0·002
Model 4§ 1·00 reference 1·17 0·94, 1·46 1·34 1·08, 1·66 1·28 1·03, 1·58 0·012

Plant LCD score
Median 8·0 11·0 17·0 22·0
Min, Max 1·0, 10·0 13·0, 14·0 15·0, 18·0 19·0, 30·0

GDM cases/pregnancies (n) 116/348 111/339 124/337 169/431
Model 1* 1·00 reference 0·98 0·79, 1·22 1·10 0·90, 1·35 1·18 0·97, 1·42 0·048
Model 2† 1·00 reference 0·99 0·80, 1·21 1·10 0·90, 1·35 1·13 0·94, 1·36 0·116
Model 3‡ 1·00 reference 0·98 0·80, 1·21 1·10 0·90, 1·34 1·14 0·94, 1·37 0·110
Model 4§ 1·00 reference 0·97 0·78, 1·20 1·09 0·89, 1·35 1·11 0·91, 1·35 0·205

Min, minimum; Max, maximum; CNY, Chinese Yuan; MET, metabolic equivalent of task.
* Crude model.
† Adjusted for maternal age (≤ 24, 25–29, 30–34, or ≥35 years), pre-pregnancy BMI (<18·5, 18·5–23·9, or ≥24 kg/m2) and total energy intake (kJ/d).
‡ Adjusted for model 2 plus ethnicity (Han Chinese or others), educational level (≤ 12, 13–15 or ≥16 years), family income level (≤2999, 3000–4999, 5000–9999 or ≥10 000 CNY/
month), parity (primiparity or multiparity), family history of diabetes (yes or no), smoking (yes or no), alcohol drinking (yes or no) and physical activity (MET-hours/week).

§ Adjusted for model 3 plus gestational weight gain before GDM diagnosis (kg). Model 4 was performed by the Poisson regression with robust standard errors.
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complex carbohydrate wasmain component of total carbohydrate.
A randomised crossover study revealed that a higher-complexity
carbohydrate diet in GDM achieved glucose targets and lowered
postprandial lipids(47). Additionally, a higher carbohydrate intake
means lower fat and protein intakes. Thus, low-carbohydrate
dietary pattern with high fat and protein, particularly animal fat
and protein, may lead to insulin resistance and impaired glucose
tolerance.

Considering that advanced maternal age, pre-pregnancy over-
weight or obesity, family history of diabetes and physically inactive
lifestyle were risk factors for GDM(27), stratified analyses were per-
formed in our study. Our results indicated that the relationship
between the overall LCD score and GDMwas positive among par-
ticipants who were overweight or obese before pregnancy, sug-
gesting that exploring the effects of low-carbohydrate dietary
patterns on GDM in overweight or obese women may be poten-
tially important in order to intervene as early as possible and
improve pregnancy outcomes. However, the associations between
the animal LCD score and GDMwere not significant among partic-
ipants in subgroups of advanced age (≥35 years), high pre-preg-
nancy BMI (<24 kg/m2), family history of diabetes and high
physical activity (≥median), indicating that other factors such as
genetic variants(48) and environmental pollutants(49,50) might play
roles in the development of GDM.

The strengths of our study include the following. We used the
LCD score, a comprehensive indicator, to reflect the overall compo-
sition of the threemacronutrients. Moreover, this studywas the first
to explore the association of LCD scores during the first trimester
with GDM risk in China. Considering that sources of dietary protein
and fat may have different effects on GDM, we also explored the
effects of animal and plant LCD scores on the incidence of GDM.
Since dietary information was assessed in early pregnancy before
the diagnosis of GDM, our findings have important implications for
preventing GDM. However, some limitations of our study should
be acknowledged. First, measurement error, which is associated
with recall bias of 24-h dietary recalls and recognition of portion
size, may have resulted in inaccurate collection of food consump-
tion. Second, the associations between the different types of dietary
fatty acids may have different effects on the risk of GDM; however,
we did not examine these associations, which should be explored
in further studies. Third, although we adjusted for a number of
socio-demographic and lifestyle factors, residual confounding
might still exist. Finally, participants in our study were only from
Southwest China, and the incidence of GDM was relatively high.
There were some primary reasons to explain this high rate of inci-
dence of GDM in our study. First, in recent years, the incidence of
GDM has increased rapidly in China andwas up to 24·2% in urban
areas according to the latest Chinese National Nutrition and Health
Survey(51). Second, participants in our study underwent oral glu-
cose tolerance test in summer and autumn, while Su WL et al.(52)

showed that summer and fall were associated with a higher risk
of GDMdiagnosis thanwinter. Third, participants in our studywere
only from one hospital with good medical resources in Southwest
China, which may cause the sample of our study to not be repre-
sentative. Thus, the extrapolation of our conclusionsmaybe limited
by the population and areas.

In conclusion, a low-carbohydrate dietary pattern with high
animal fat and protein during the first trimester is positively

associated with the incidence of GDM in Chinese women.
However, a low-carbohydrate dietary pattern based on plant-
derived food is not significantly associated with GDM risk. The
proportions and sources of macronutrients may be important to
take into consideration in nutritional intervention for the preven-
tion of GDM.
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