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Postprandial Glucose Surges after Extremely Low Carbohydrate
Diet in Healthy Adults
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Carbohydrate-restricted diets are prevalent not only in obese people but also in the general population to
maintain appropriate body weight. Here, we report that extreme carbohydrate restriction for one day affects
the subsequent blood glucose levels in healthy adults. Ten subjects (median age 30.5 years, BMI 21.1 kg/
m?, and HbA1c 5.5%), wearing with a continuous glucose monitoring device, were given isoenergetic test
meals for 4 consecutive days. On day 1, day 2 (D2), and day 4 (D4), they consumed normal-carbohydrate
(63-66% carbohydrate) diet, while on day 3, they took low-carbohydrate/high-fat (5% carbohydrate) diet.
The daily energy intake was 2,200 kcal for males and 1,700 kcal for females. On D2 and D4, we calculated
the mean 24-hr blood glucose level (MEAN/24h) and its standard deviation (SD/24h), the area under the
curve (AUC) for glucose over 140 mg/dL within 4 hours after each meal (AUC/4h/140), the mean amplitude
of the glycemic excursions (MAGE), the incremental AUC of 24-hr blood glucose level above the mean plus
one standard deviation (IAUC/MEAN+SD). Indexes for glucose fluctuation on D4 were significantly greater
than those on D2 (SD/24h; p = 0.009, MAGE; p = 0.013, AUC/4h/140 after breakfast and dinner; p = 0.006
and 0.005, and iAUC/MEAN+SD; p = 0.007). The value of MEAN/24h and AUC/4h/140 after lunch on D4
were greater than those on D2, but those differences were not statistically significant. In conclusion,
consumption of low-carbohydrate/high-fat diet appears to cause higher postprandial blood glucose on
subsequent normal-carbohydrate diet particularly after breakfast and dinner in healthy adults.
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priate body weight.
Introduction

Recently, patients with diabetes and/or obesity have
begun to take extremely-low-carbohydrate diets, and some
studies have suggested that such diets are effective for
weight loss and improving insulin resistance (Shai et al.
2008). In addition, carbohydrate-restricted diets are preva-
lent even among the general population to maintain appro-

For healthy subjects, there is a concern that carbohy-
drate restriction may induce a deterioration in glucose toler-
ance. From a classical viewpoint, some previous research-
ers have indicated that carbohydrate restriction decreases
glucose tolerance and increases the frequency of false-posi-
tive impaired glucose tolerance results in patients undergo-
ing a glucose tolerance test (Himsworth 1940; Wang et al.
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1999). Nowadays, despite the popularity of extreme carbo-
hydrate-restricted diets, the actual clinical influences of
these diets on glucose fluctuation and their possible adverse
effects remain unknown. Specifically, how changes in
dietary carbohydrate contents might affect subsequent blood
glucose profiles, how long the influence of differences in
dietary carbohydrate contents actually persists, and whether
these glucose fluctuations have undesirable effects remain
uncertain.

In this study, we investigated, with continuous glucose
monitoring (CGM), whether extreme carbohydrate restric-
tion for one day in actual life could affect the subsequent
blood glucose levels in healthy subjects.

Materials and Methods

Participants

We enrolled healthy volunteer subjects (2 males and 8 females)
who were over 20 years and under 65 years of age and had normal
hemoglobin Alc (HbAlc) levels (less than 6.5%). Subjects with a
history of diabetes and/or any other diseases that might influence glu-
cose fluctuations (e.g., hormonal disease, post-gastrectomy status, and
cancer) were excluded. All the subjects were provided written
informed consent prior to enrollment in the study. The study protocol
was approved by the ethics committee of the National Center of
Global Health and Medicine Center Hospital (NCGM-G-001678-00)
and was implemented in accordance with the provisions of the
Declaration of Helsinki.

Study design
The subjects were provided two types of test meal and observed

the glucose fluctuations with continuous glucose monitoring device
(CGM; Medtronic iPro®2 Northridge, CA, USA). CGM is often used
in both clinical practice and research. Its reliability in normo-glyce-
mic individuals has also been shown (Akintola et al. 2015). Over the
course of 4 consecutive days, the subjects consumed a normal-carbo-
hydrate (NC) diet on days 1 (D1), 2 (D2) and 4 (D4) and a low-carbo-
hydrate/high-fat (LC/HF) diet on day 3 (D3). The glycemic excur-
sions on the day following intake of a NC diet (D2) were compared
with those on the day following intake of the LC/HF diet (D4).
Representative CGM data from one subject are illustrated in Fig. 1.
Male and female subjects had an energy intake of approximately
2,200 and 1,700 kcal/day on days 1 to 4. We decided total energy
intake referring to the estimated energy requirement meal intake stan-
dards of Ministry of Health, Labour and Welfare in Japan (Ministry
of Health, Labour and Welfare 2015). On the days of the NC diet
intake (D1, D2 and D4), the mean intakes of carbohydrate, fat and
protein intakes per meal in the males and females were 120.6 g (66%)
and 88.8 g (63%), 18.5 g (22%) and 15.0 g (23%), and 21.7 g (12%)
and 19.7 g (14%), respectively. NC diets were prepared by a combi-
nation of rice, boiled vegetable, chicken, fish, hamburg, stew, pud-
ding, fruit juice, curry, cheese, nuts, and tea. On the day of the LC/
HF diet intake (D3), the corresponding amounts were 10.0 g (5%) and
7.9 g (5%), 62.8 g (77%) and 46.1 g (73%), and 33.4 g (18%) and
32.0 g (22%), respectively. LC/HF diets were prepared by a combi-
nation of tohu, cheese, fish, mayonnaise, nuts, and tea. The subjects
were instructed to wear a continuous glucose monitoring device for 4
days, so that the 24-hour glycemic excursions could be observed
every 5 minutes (glucose levels were recorded 288 times a day).

The subjects were given the following instructions during the
observation period: 1) To eat only the meals provided and to avoid
eating between meals, 2) To drink water or sugar free beverages, and
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Fig. 1. Protocol and representative continuous glucose monitoring data in the present study.

CGM data showing representative glucose fluctuations during 4 consecutive days (D1-D4) obtained from a 29-year-old
man are shown. The HbAlc of this subject was 5.6%, and the BMI was 20.5.

During a 4 consecutive-day study period, the participants consumed a normal-carbohydrate diet (*) on day 1 (D1), day
2 (D2) and day 4 (D4), and a low-carbohydrate ( T ) diet on day 3 (D3). During the entire 4-day period, they were in-
structed to wear a continuous glucose monitoring device (CGM; Medtronic iPro®2 Northridge, CA, USA), so that the
24-hour glycemic excursions could be observed. The dotted lines show the mean plus and minus 1 standard deviation
(SD) of the glucose levels on D2 and D4 (the SD was calculated for each subject). The gray areas show the incremental
AUC of the 24-hour blood glucose level on D2 and D4 above the mean plus one standard deviation on D2 and D4 and
the area over the curve of the 24-hour blood glucose level below the mean minus one standard deviation on D2 and D4.
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3) To eat meals at the same time of the day as much as possible, and
4) undertake the same level of physical activity while avoiding stren-
uous exercise.

A day was defined as a 24-hour period starting from 4:00 AM
on one day and ending at 4:00 AM on the following day. Fasting
blood glucose levels were measured between 4:00 AM and 5:00 AM.
The mean 24-hr blood glucose level and its standard deviation (the
24-hr SD), the mean fasting glucose levels (from 4:00AM to
5:00AM), the mean amplitude of the glycemic excursions (MAGE)
were calculated on D2 and D4. It is also evaluated that the area under
the curve (AUC) for glucose over 140 mg/dL within 4 hours
(AUC/4h/140) after each meal, incremental AUC of 24-hr blood glu-
cose level above the mean plus one standard deviation of D2 and D4,
area over curve of 24-hr blood glucose level below the mean minus
one standard deviation of D2 and D4, on D2 and on D4. These con-
tinuous variables were analyzed between D2 and D4.

Statistics

For the statistical analysis, continuous variables were analyzed
using the Wilcoxon signed-rank test. The statistical significance level
was set at P < 0.05. The statistical analysis was performed using
Stata 13 software.

Results
The characteristics of the participants are shown in
Table 1. We enrolled 10 healthy subjects (2 males and 8

females). The median age was 30.5 years, the body mass
index (BMI) was 21.1, and the HbAlc level was 5.5%.
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According to CGM data of D2, all of their fasting glucose
levels were lower than 110 mg/dL.

The precise blood glucose profiles of the 10 subjects
are shown in Table 2. The value of daily mean blood glu-
cose levels on D4 was greater than that on D2 but this dif-
ference was not significant. The mean fasting blood glu-
cose levels (4:00 AM to 5:00 AM) on D2 were equivalent
to those on D4 (p = 0.139). The SD of the daily mean
blood glucose levels and the MAGE were significantly
higher on D4 than on D2 (p = 0.009, p = 0.013, respec-
tively). As for the AUC/4h/140, the values obtained after
breakfast and dinner were higher on D4 than on D2 (p =
0.006, p = 0.005, respectively), but the values obtained

Table 1. Characteristics of subjects enrolled in
the present study (N = 10).

Male / Female (number) 2/8

Age (years) 30.5 (26.8-32.0)
Height (cm) 163.0 (158.9-166.6)
Weight (kg) 57.0 (51.9-60.0)
BMI (kg/m?) 21.1(20.3-21.9)
HbA lc (%) 5.5(5.2-5.5)

Each value represents the median (interquartile
range). BMI, body mass index.

Table 2. Comparison of the blood glucose profiles.

D2 D4 p value
24-h mean glucose levels (mg/dL) 99.9 106.7 0.126
(94.4-105.5) (96.7-113.7)
Mean fasting glucose levels 83.8 79.7 0.139
(mg/dL) (4:00 AM to 5:00 AM) (80.1-88.2) (73.2-81.0)
SDs of 288 glucose levels for 24-h 18.8 30.1 0.009
(mg/dL) (15.7-25.2) (28.5-37.1)
MAGE 62.7 90.5
0.013
(49.7-78.2) (81.5-112.7)
The AUC/4h/140 after breakfast 0 101.8 0.006
(mg'min/dL) (0-40.9) (49.9-432.5)
The AUC/4h/140 after lunch 26.0 193.8 0276
(mg'min/dL) (0-166.5) (21.0-709.0)
The AUC/4h/140 after dinner 69.0 623.5 0.005
(mg'min/dL) (2.3-389.5) (146.4-1038.6)
iAUC/MEAN+SD (mg-min/dL) 61443 14437.4 0,007
(2767.5-9860.7)  (9381.2-20956.5)
AOC/MEAN-SD (mg*min/dL) 0.0 0.0 0226
(0.0-223.0) (0.0-223.6)

Each value represents the median (interquartile range). SD, standard deviation;
MAGE, mean amplitude of the glycemic excursions; 228 glucose levels, glucose
levels were recorded every 5 minutes in a day; AUC, area under the curve; D2,
day2; D4, day4; the AUC/4h/140, 4-h blood glucose AUC over 140 mg/dL; iAUC/
MEAN+SD, Incremental AUC of 24-h blood glucose level above the mean blood
glucose level +1 SD of D2 and D4; AOC/MEAN-SD, Area over curve of 24-h
blood glucose level below the mean blood glucose level-1 SD of D2 and D4.
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after lunch were not significantly different between D2 and
D4 (p =0.276).

The incremental AUC of 24-hr blood glucose level
above the mean blood glucose level plus one SD was sig-
nificantly greater on D4 than that on D2 (p = 0.007), while
the area over curve of 24-hr blood glucose below the mean
blood glucose level minus one SD on D4 was comparable
to that on D2 (p = 0.226).

Discussion

Previous reports of the effect of dietary carbohydrate
restriction on glucose excursion were limited to evaluation
by the glucose tolerance test (Himsworth 1940; Wang et al.
1999; Numao et al. 2012). There were unclear points on
the influence on glucose metabolism in actual dietary life.
The present study by CGM showed that after extreme
restriction of carbohydrate, an influence on the blood glu-
cose variability persisted for at least 24 hours in healthy
subjects. After dietary carbohydrate restriction for one day,
the glucose fluctuation on the following day after the LC/
HF diet increased significantly, compared with the fluctua-
tions on days after the ingestion of an NC diet. In particu-
lar, the postprandial glucose levels were elevated after
breakfast and dinner.

Some researchers have examined glucose loading as a
possible cause of the blood glucose fluctuations (Randle et
al. 1963; Anderson and Herman 1975; Wang et al. 1999;
Numao et al. 2012). Numao et al. (2012) observed that
early insulin secretion was lower and post-load blood glu-
cose levels and plasma glucagon-like peptide 1 (GLP-1)
levels were higher after the consumption of a low-carbohy-
drate/high-fat diet for 3 days, compared with those after the
consumption of a normal carbohydrate/fat diet for 3 days.
Previous studies have indicated that the plasma FFA levels
also increase after dietary carbohydrate restriction and that
this increase in the FFA levels might be associated with
exaggerated post-load blood glucose excursions (Randle et
al. 1963; Wang et al. 1999). Anderson and Herman (1975)
have suggested that the high fat content associated with
low-carbohydrate diets is responsible for the deterioration
in the post-load blood glucose levels, rather than the low-
carbohydrate content of these diets. Considering these prior
studies, both insulin resistance caused by a high FFA
plasma level and a decrease in first-phase insulin secretion
after a LC/HF diet might have induced the glucose fluctua-
tions observed in this study.

In our results, the AUC/4h/140 after lunch was equiva-
lent on D2 and D4, unlike after breakfast and dinner.
According to studies using CGM in patients with type 2
diabetes, exercise significantly decreases the postprandial
glucose level, but not the fasting glucose level (MacLeod et
al. 2013). Although we did not evaluate the subjects’ activ-
ity levels, glucose fluctuations after lunch might be more
strongly affected by daytime activity.

Postprandial hyperglycemia has been reported to be a
risk factor for cardiovascular events in non-diabetic patients

(Tominaga et al. 1999) as well as diabetic patients (Ceriello
et al. 2004). Hyperglycemia after glucose loading has been
reported to inhibit endothelial flow-mediated dilatation
(FMD), which is a measure of the endothelial function that
is used to evaluate the cardiovascular risk. Suppression of
FMD has been reported by oral glucose loading in subjects
with impaired glucose tolerance or diabetes (Kawano et al.
1999) and normal glucose tolerance (Title et al. 2000). In
this study, a diet with extreme change in dietary carbohy-
drate and fat content induced greater blood glucose excur-
sions than a balanced-nutrient diet. These findings suggest
that extreme changes in the dietary nutrient balance could
induce higher blood glucose fluctuation and have adverse
effects in daily life. It also suggests that if an extremely
low-carbohydrate diet is stopped abruptly, it could cause a
larger degree of postprandial hyperglycemia than an ordi-
nary diet. A gradual re-increase in glucose would probably
prevent postprandial hyperglycemia after an extremely low-
carbohydrate diet.

This study had several limitations. First, we did not
observe the changes in the levels of the insulin, C-peptide,
GLP-1, and FFA, and could not assess whether the increase
in the postprandial blood glucose levels on the day after
carbohydrate restriction was caused by a decrease in insulin
secretion or increase in insulin resistance. However, con-
sidering the previous studies mentioned above, both ele-
ments would affect this result. Second, we did not conduct
a glucose tolerance test in the subjects before they were
enrolled in this study. Although none of the subjects had a
history of diabetes and all of them had HbAlc levels within
the normal range (Table 1), we could not distinguish
whether the glucose tolerance of the participants was nor-
mal or impaired. Third, the observation period was rela-
tively short. An appropriate observation period should
include the term during which the influence of the glucose
fluctuation recovers after an LC/HF diet. Finally the num-
ber of subjects was also small. A larger sample size is
needed to compare differences between the sexes.
However, we are the first to precisely investigate, by CGM,
the around 24-hours effect of a LC/HF diet on the blood
glucose profile.

In conclusion, low-carbohydrate/high-fat diets, even
for a short duration, can induce increasing blood glucose
fluctuations that lasted for at least all of the following day
in actual dietary life. Specifically, we found significant
increases in the 24-hour SD, MAGE, AUC/4h/140 after
breakfast and dinner, and the AUC above the mean blood
glucose level plus one SD on the following day after the
ingestion of an LC/HF diet, compared with those values on
the day after the ingestion of an NC diet.

Further studies on a larger number of subjects and pre-
cise glucose and hormonal investigations with varying car-
bohydrate contents in the test meals are required to confirm
the influence of low-carbohydrate/high-fat diets on the
blood glucose fluctuation.
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