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Abstract
Varying the macronutrient composition of meals alters acute postprandial responses, but the effect sizes for specific
macronutrient exchanges have not been quantified by systematic reviews. Therefore the aim is to quantify the effect size of
exchanging fat for carbohydrates in mixed meals on postprandial glucose (PPG), insulin (PPI), triglycerides (PPTG), and
free fatty acids (PPFFA) responses by performing a systematic review and meta-analysis of randomized controlled trials. A
systematic literature search was undertaken on randomized controlled trials comparing isocaloric high fat with high
carbohydrate meals, with comparable protein contents and at least one postprandial glycemic- and one lipid outcome. The
outcome data were extracted and expressed as mean postprandial levels over 2 h. Ten studies involving 14 comparisons met
the eligibility criteria. Data were available for meta-analysis from 347 participants, consuming mixed meals containing
250–1003 kcal, and total fat contents of 33.3–75.6 percentage of energy (en%) (intervention) versus 0–31.7 en% (control).
Each 10en% increase in fat, replacing carbohydrates produced a mean reduction in PPG of 0.32 mmol/l (95% CI −0.64 to
−0.00, p= 0.047), a reduction in PPI of 18.2 pmol/l (95% CI −24.86 to −11.54), an increase in PPTG of 0.06 mmol/l (95%
CI 0.02 to 0.09, p= 0.004), with no statistically significant effect on PPFFA. Modest exchange of carbohydrates for fats in
mixed meals significantly reduces PPG and PPI and increases PPTG responses. The quantitative relationships derived here
may be applied to predict responses, and to design and optimize meal macronutrient compositions in dietary intervention
studies.

Introduction

The macronutrient composition of the diet is part of most
dietary recommendations, largely supported by evidence of
how this can influence the risk of noncommunicable dis-
eases [1]. However, there is limited quantitative

underpinning for strict, specific macronutrient reference
values. Indeed, American (2015) [2] as well as European
(2010) [3] guidelines give broad reference ranges rather
than exact reference values (20–35 en% for total fat and
45–65 en% for total carbohydrate). Yet, the benefits and
drawbacks of higher-fat (HF) versus higher-carbohydrate
(HC) diets are still a topic of scientific debate [4].

Several reviews and meta-analyses have compared the
long-term effects of HF versus HC diets, suggesting dif-
ferent possible health benefits depending on the specific
outcomes considered [5–10]. It is clear that different mac-
ronutrients elicit different postprandial responses [11].
Dietary fat elicits the TG response while carbohydrates
primarily elicit glucose and insulin responses [12]. The
postprandial response may be an intermediary metabolic
pathway in the relationship between dietary macronutrient
composition and longer-term health benefits. Elevated
postprandial glucose and lipid responses are associated with
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increased oxidative stress, inflammation, and reduction in
antioxidant defenses [13].

The magnitude of postprandial responses to mixed meals
depends largely on the total amount of ingested fat and
carbohydrates. However, when comparing meals with the
same caloric content, the relative amounts of fat and car-
bohydrates in the meal are more relevant and might
potentially also determine the postprandial response. These
isocaloric exchanges of fats and carbohydrates would pro-
vide a route for intervention and a means to reduce unde-
sirable effects associated with high glucose and lipid
responses after a meal. The quantitative effects of specific
variations in the amount of fat relative to carbohydrate in a
mixed meal on overall postprandial metabolism is largely
unknown. Therefore, the aim of this study was to perform a
systematic review and a meta-analysis of randomized con-
trolled trials to determine on the quantitative effects of
isocaloric exchanges of total carbohydrates for total fat on
postprandial glucose (PPG), insulin (PPI), TG (PPTG) and
FFA (PPFFA) responses. The meta-regression approach
used here provides an estimate of effects of the fat for
carbohydrate exchange over a continuous range at similar
intakes of energy and protein.

Methods

Eligibility criteria and search strategy

A systematic literature search was executed according to
preferred reporting items for systematic reviews and meta-
analysis (PRISMA) guidelines [14]. The study protocol was
registered in Prospero with registration number
CRD42018081516. Electronic databases Pubmed, Scopus
and, Ovid FSTA were searched for relevant papers until
February 11th, 2019. Inclusion criteria were randomized
control trials with humans older than 18 years, an inter-
vention consisting of a mixed meal high in total fat, a
comparator consisting of a mixed meal high in carbohy-
drates, less than 10% difference in total energy, less than
20en% difference in proteins and at least one outcome for
glucose/insulin metabolism (PPG or PPI) and at least one
for the lipid metabolism (PPTG or PPFFA). Studies with
pregnant or lactating women or people using glucose or
lipid lowering medication were excluded, as well as inter-
ventions that specifically included omega three fatty acids.
The minimum duration of the postprandial measurements
was 120 min, but studies that reported fewer than three
measurements in this period were excluded. Postprandial
measurements for TG and FFA were cutoff to a maximum
of 240 min. The search applied a range of different key-
words for type of intervention (e.g., “fat load’, “mixed
meal”), outcome measure (e.g. “postprandial”, “area under

the curve”) and study design (e.g. “crossover” and “ran-
domized”). The full search string can be found in supple-
ment 1. After the search, duplicates were removed and titles
and abstracts were screened for potential eligibility, by two
researchers independently. Pairs of researchers (AK, MA,
AG, MAV, DJM, EAT) screened an agreed number of
records and the subsequent full text screening was also done
independently by pairs of these researchers. Inconsistencies
between assessors were resolved by consensus.

Data extraction and risk of bias assessment

Data on the publication, study design and procedures, meal
test composition and postprandial measurements were
extracted from eligible publications by one researcher (AK)
and checked by two others (MAV and MA). Total and
incremental AUC’s for 120 min (glucose and insulin) and
120–240 min (triglycerides and FFA) were extracted from
the eligible studies. Where necessary, AUC data reported as
figures, were estimated using ‘Excel TM image to data’
[15]. Where AUC’s for given time periods were not given
in text or in figure, mean values at individual postprandial
time points were extracted and used to calculate AUC (see
‘data synthesis’ below). Quality of each trial was scored
independently by two researchers (AK, MA, MAV) based
on the criteria of Jadad et al. because of its reproducibility
[16, 17]. Using this method, studies were assigned 0 or 1
point for each of 11 criteria (thus a maximum total score 11
points): randomization, blinding, description of withdrawals
and drop outs, objectives, definition of outcome measures,
description of in- and exclusion criteria, justification of the
sample size, description of the interventions, control group,
description of adverse effects and methods of statistical
analysis.

Data synthesis and statistical analysis

Outcome data were standardized for units: mmol/l for glu-
cose, TG and FFA, and pmol/l for insulin. Standard errors
(SE) were transformed into standard deviations (SD) (SE=
SD/√N, where N= number of individuals). In cases where
AUC’s for given time periods were not reported, mean
values at individual time points were used to calculate
incremental AUC’s, calculated by the trapezoidal method as
net incremental AUC [18]. The AUC was calculated up to
120 min for glucose and insulin and up to 240 min for TG
and FFA. Calculation of the variance in iAUC was based on
the SD of individual time points by using matrix algebra
involving a covariance matrix with the assumed correlation
structure being compound symmetry [19]. Assumed corre-
lations between time points were r= 0.75 for glucose, r=
0.5 for insulin, r= 0.9 for TG and r= 0.5 for FFA (based
on internal data, unpublished).
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Absolute outcomes were expressed as mean postprandial
levels by dividing the AUC and the SD by time. SE of
absolute and relative changes were calculated as earlier
described [20], assuming a within subject correlation coef-
ficient of 0.7. Weighted regression analysis were performed
using SPSS software version 25.0 (https://developer.ibm.
com/predictiveanalytics/2017/11/02/spss-statistics-25-packa
ging-reference/) [21]. Difference in en% as fat in the meal
was the independent and the postprandial outcome measure
the dependent variable. Weighing was done for the inverse
variance of the difference in outcome between intervention
and control (1/SE(diff)2. Subgroup analyses (high vs low
study quality, with vs without diabetes, high vs low energy
loads) were prespecified to be performed when more than
ten comparisons were available for a subgroup (PROS-
PERO; CRD42018081516).

Results

The literature search retrieved 5327 unique publications of
which 485 were selected for full text screening. After the full
text screening, ten papers met the eligibility criteria and had
data available for inclusion in the quantitative synthesis (Fig.
1) [4, 9, 22–30]. Table 1 presents the main characteristics of
the ten studies that are included in this review involving 14
comparisons between total fat and total carbohydrate
exchange. A total of 347 participants were included with a

range in average age of 23.9–62.5 years, BMI 19.4–29.3 kg/
m2, total meal energy content 250–1003 kcal, and meal fat
content of 33.3–75.6 en% in the intervention group and
0–31.7 en% in the comparator group.

Figures 2, 3, 4, and 5 show the absolute changes in PPG,
PPI, PPTG, and PPFFA in relation to the difference in en%
in the mixed meals based on fats. Each 10en% increase in
fat content, exchanged for carbohydrates, was associated
with significantly lower PPG (beta −0.32 mmol/l; 95% CI
−0.64 to 0.00, p= 0.047) and PPI (beta=−18.20 pmol/l;
95% CI −24.86 to −11.54, p ≤ 0.001), and higher PPTG
(beta= 0.06 mmol/l; 95% CI 0.02–0.09, p= 0.004).
Exchanges of fat for carbohydrate were not associated with
significant changes in PPFFA (beta= 0.02 mmol/l; 95% CI
−0.07 to 0.10, p= 0.682). Subgroup analyses could not be
performed as fewer than ten comparisons were available for
the prespecified subgroups.

Out of the maximum possible 11 points for quality,
scores were uniformly low, with no study scoring more than
four points (supplement 2). Almost all papers failed to
adequately report if the study was double blind (seven
papers), the description of withdrawals (seven papers),
justification of sample size (eight papers) and a methodo-
logical description used to assess adverse effects (eight
papers). All studies reported if the study was randomized,
the definition of outcome measures, a clear description of
the in- and exclusion criteria, a control group and a
description on statistical analysis methods.

Fig. 1 PRISMA flowchart for
eligibility
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Table 1 Study characteristics.

Reference Participants
characteristics

Study design and
health state

Intervention kcal for total
energy and en% from
macronutrients

Comparator kcal for total
energy and en% from
macronutrients

Postprandial time
points in min

Dandona et al.
[22]

N= 10
Male and female
Age: 33
BMI: NR
Weight: NR

Crossover, healthy Kcal: 910
Fats: 42.5
Carbohydrates: 40.9
Proteins: 17

Kcal: 910
Fats: 27.3
Carbohydrates: 58
Proteins: 14.9

Glucose and insulin:
15, 30, 45, 60, 75,
90, 120
Free fatty acids: 15,
30, 45, 60, 75, 90,
120, 180

Haimoto et al. [23] N= 31
Male and female
Age: 62
BMI: 23.2
Weight: NR

Crossover,
diabetes type 2

Kcal: 500
Fats: 75.6
Carbohydrates: 7.11
Proteins: 18.2

Kcal: 500
Fats: 21.6
Carbohydrates: 59.3
Proteins: 18.7

Glucose, insulin,
triglycerides, and
free fatty acids:
30, 60, 120

Jung et al. [24]
1st comparison

N= 32
Male
Age: 23.9
BMI: 21.4
Weight: 64.8

Crossover, healthy Kcal: 588
Fats: 35.6
Carbohydrates: 43.2
Proteins: 21

Kcal: 586
Fats: 25.7
Carbohydrates: 55.7
Proteins: 18.6

Glucose and insulin:
15, 30, 45, 60, 120
Triglycerides:
15, 30, 45, 60,
120, 240

Jung et al. [24]
2nd comparison

N= 32
Male
Age: 23.9
BMI: 21.4
Weight: 64.8

Crossover design,
healthy

Kcal: 588
Fats: 37.8
Carbohydrates: 43.7
Proteins: 18.7

Kcal: 586
Fats: 25.3
Carbohydrates: 58.2
Proteins: 16.7

Glucose and insulin:
15, 30, 45, 60, 120
Triglycerides:
15, 30, 45, 60,
120, 240

Khoury et al. [25] N= 20
Male
Age: 28
BMI: 29
Weight: 90.3

Crossover,
metabolic
syndrome

Kcal: 566
Fats: 49.9
Carbohydrates: 30
Proteins: 20

Kcal: 566
Fats: 19.9
Carbohydrates: 60.1
Proteins: 20

Glucose and insulin:
15, 30, 60, 120
Triglycerides:
15, 30, 60, 120,
180, 240

Meng et al. [9, 26]
1st comparison

N= 40
Male and female
Age: 62.5
BMI: 29.3
Weight: NR

Parallel, healthy Kcal: 250
Fats: 20.2
Carbohydrates: 79.9
Proteins: 0

Kcal: 250
Fat: 0
Carbohydrates: 100
Proteins: 0

Glucose, insulin,
triglycerides and free
fatty acids:
15, 30, 45, 60,
90, 120

Meng et al. [9, 26]
2nd comparison

N= 40
Male and female
Age: 62.5
BMI: 29.3
Weight: NR

Parallel, healthy Kcal: 300
Fats: 33.3
Carbohydrates: 66.7
Proteins in g: 0

Kcal: 300
Fats: 0
Carbohydrates: 100
Proteins: 0

Glucose, insulin,
triglycerides and free
fatty acids:
15, 30, 45, 60,
90, 120

Meng et al. [9, 26]
3rd comparison

N= 40
Male and female
Age: 62.5
BMI: 29.3
Weight: NR

Parallel, healthy Kcal: 400
Fats: 50
Carbohydrates: 50
Proteins: 0

Kcal: 400
Fats: 0
Carbohydrates: 100
Proteins: 0

Glucose, insulin,
triglycerides and free
fatty acids:
15, 30, 45, 60,
90, 120

Schneeman et al.
[27]

N= 24
Male and female
Age: 35.7
BMI: 24.6
Weight: NR

Crossover, healthy Kcal: 778
Fats: 37.9
Carbohydrates: 45
Proteins: 16.9

Kcal: 778
Fats: 20
Carbohydrates: 63
Proteins: 16.9

Glucose and insulin:
20, 40, 60, 90, 120
Triglycerides:
20, 40, 60, 90,
120, 180

Shin et al. [4] N= 25
Female
Age: 24.5
BMI: 19.4
Weight: 51.5

Parallel, healthy Kcal: 598.2
Fats: 61.1
Carbohydrates: 24.7
Proteins: 14.2

Kcal: 595.7
Fats: 10.4
Carbohydrates: 75
Proteins: 14.6

Glucose and insulin:
30, 60, 90, 120
Triglycerides and
free fatty acids:
30, 60, 90, 120, 240

Van Amelsfoort
et al. [28] 1st
comparison

N= 30
Male
Age: 38
BMI: 23.9
Weight: 80

NR, healthy Kcal: 1003
Fats: 48
Carbohydrates: 37
Proteins: 15

Kcal: 1003
Fats: 28
Carbohydrates: 57
Proteins: 15

Glucose and insulin:
30, 60, 90, 120
Triglycerides and
free fatty acids:
30, 60, 90, 120, 240
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Table 1 (continued)

Reference Participants
characteristics

Study design and
health state

Intervention kcal for total
energy and en% from
macronutrients

Comparator kcal for total
energy and en% from
macronutrients

Postprandial time
points in min

Van Amelsfoort
et al. [28] 2nd
comparison

N= 30
Male
Age: 38
BMI: 23.9
Weight: 80

NR, healthy Kcal: 1003
Fats: 48
Carbohydrates: 37
Proteins: 15

Kcal: 1003
Fats: 28
Carbohydrates: 57
Proteins: 15

Glucose and insulin:
30, 60, 90, 120
Triglycerides and
free fatty acids:
30, 60, 90, 120, 240

Van Schoonbeek
et al. [29]

N= 15
Male and female
Age: NR
BMI: 27.8
Weight: NR

Crossover,
diabetes type 2

Kcal: 98
Fats: 50
Carbohydrates: 33.1
Proteins: 17

Kcal: 100
Fats: 30.6
Carbohydrates: 54.3
Proteins: 15.2

Glucose and insulin:
15, 30, 45, 60, 75,
90, 120
Triglycerides:
15, 30, 45, 60, 75,
90, 120, 150, 180,
210, 240

Yokoyama et al.
[30]

N= 10
Male and female
Age: 41.4
BMI: 22.9
Weight: NR

Crossover,
diabetes type 2

Kcal: 255
Fats: 49
Carbohydrates: 34.2
Proteins: 16.9

Kcal: 250
Fats: 31.7
Carbohydrates: 54.5
Proteins: 14

Glucose and insulin:
30, 60, 90,120, 180
Triglycerides and
free fatty acids:
30, 60, 90, 120, 180

NR= not reported

Fig. 2 Difference in mean
postprandial glucose response in
mmol/l. The bubble size reflects
study weight (inverse variance).
y= 0.111–0.032 × (95% CI −
0.064 to 0.00, p= 0.047)

Fig. 3 Difference in postprandial
insulin responses in pmol/l. The
bubble size reflects study weight
(inverse variance). y=
−8.573–1.820 × (95% CI −
2.486 to −1.154, p ≤ 0.001)
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Discussion

This is the first systematic review that quantifies the effect of
isocaloric exchanges of fat and carbohydrates in meals on
PPG, PPI as well as PPTG and PPFFA responses. Our ana-
lyses show that an HF content in the mixed meals, exchanged
for carbohydrates significantly reduced PPG and PPI and
increased PPTG. The novelty of the present study is the
quantification of the effects of meal fat content on post-
prandial responses. The divergent effects of increasing fat
content of isocaloric meals on postprandial responses, stresses
the importance of assessing the effects on both glucose and
lipid profile for optimizing meal macronutrient composition.

The health implications of the balancing of these effects
may require further evaluation with longer-term studies. For
cardiovascular disease outcomes, observational studies have
reported the magnitude of the associations with PPG and
PPTG measurements. Nielsen et al. studied 4934 men that
underwent an oral glucose tolerance test and were followed for
27 years. Data on CVD events and death showed that a dif-
ference in 1-h PPG of 2.2 mmol/l was associated with a 10%
increase in CVD risk [31]. In the current study we estimated a

difference in mean PPG of 0.32mmol/l when exchanging
10en% carbohydrates for fats. Extrapolating from this using
the results from Nielsen et al. for a total diet effect sustains
over time, this would translate in a 1–2% lower CVD risk.
Mora et al. assessed the relationship of random blood lipid
levels and the risk of cardiac outcomes [32]. Results show that
a mean increase of 1 mmol/l triglycerides was associated with
a 3% increased risk of coronary events (HR 1.03, CI
0.78–1.37). In the current study we estimated a difference in
mean PPTG of 0.06mmol/l per 10en% increase in fat content,
which would thus translate in a 0.2% increase in the risk of
coronary events. Taken together, these estimates suggest that
an increase in fat content exchanged for carbohydrates may
have a net protective effect; i.e., for CVD risk, the benefit of
the PPG lowering may outweigh the adverse effects of the
increases in PPTG have greater protective effects than adverse
effects of increases in PPTG. However, more precise evalua-
tion in increasing fat content in meals on longer-term cardio-
vascular and other outcomes are clearly needed to better
understand their overall health effects. One such approach may
be a method for integrated evaluation of PPG- and lipid
metabolism in terms of disease risk. A review by Emerson

Fig. 4 Difference in postprandial
triglyceride responses in mmol/l.
The bubble size reflects study
weight (inverse variance). y=
−0.011+ 0.006 × (95% CI
0.002–0.009, p= 0.004)

Fig. 5 Difference in postprandial
free fatty acid responses in
mmol/l. The bubble size reflects
study weight (inverse variance).
y= 0.073+ 0.002 × (95% CI −
0.007–0.010, p= 0.682)
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et al. suggested to study the optimal summation of glucose and
lipids responses to predict the risk of disease accurately [33].
Such an index may be useful for generating clinical bench-
marks for postprandial responses. The current data may be of
value in defining and optimizing macronutrient composition in
longer-term dietary intervention studies on the basis of given
postprandial response benchmarks. Furthermore, the present
data can be applied to predict key postprandial metabolic
responses to fat and carbohydrate content.

We also observed nonsignificant trend for an increase in
PPFFA with HF relative to carbohydrate content. FFA are
normally suppressed by insulin and are therefore higher in
the fasting state. A significant increase, which means a
relatively lower postprandial suppression in FFA was
expected when carbohydrates were replaced for fats as less
insulin is then released in the blood [34]. The absence of a
statistically significant effect of fat for carbohydrate
exchange and PPFFA in our analysis may be explained by
the high variation of FFA within studies [35].

A strength of this meta-analysis is the inclusion of a
modest body of studies with measurements of PPG/insulin
levels in combination with a TG/FFA after consumption of
mixed meals. Other strengths are the inclusion of only
randomized controlled trials administering mixed meals in
the fasting state, with closely matched energy and less than
20e% difference in protein content, and a minimum of three
postprandial measurements.

The current meta-analysis also has several limitations.
First, we did not aim to specify the types of carbohydrates or
fats. Therefore our study does not provide information about
the effect of carbohydrate and fat quality [36–39]. The
amount and type of protein in mixed meals may also affect
postprandial meal responses. We excluded studies with dif-
ferences in proteins larger than 20en%, and did not plan to
perform analyses that might have shown differences in
metabolic responses with respect to protein content or type.
Those analyses may be recommended as a topic for further
research. We also did not take analyses based on personalized
factors such as sex differences, age, anthropometrics, lifestyle,
menopausal status, genetic background, and microbiota,
which may differently affect postprandial responses [40–42].
Another limitation and potential future analysis would be
consideration of the types of foods consumed as mixed meals,
in terms of ingredients or consistency such as liquid versus
solid, which is known to have an effect on PPG [43].

Finally, the limited number of studies meeting our pre-
defined inclusion criteria on outcome data (both glucose and
lipid responses) precluded conducting our predefined sub-
group analyses on study quality, meal energy load or dia-
betes diagnosis. The prespecified criterion of ten
comparisons for subgroup analyses may in retrospect have
been overly strict, especially as only ten studies met the
inclusion criteria. Also while most data came from meals in

the range of 250–600 Kcal, there was a relatively wide
spread of energy contents (98–1003 Kcal) in the interven-
tion meals, and we did not prespecify analyses based on
this. These additional analyses could explain some sources
of variance in responses and would be of interest to consider
in further research on this topic.

Conclusion

Modest exchanges of carbohydrates for fats in mixed meals
significantly reduces PPG and PPI responses and increases
PPTG responses. The quantitative relationships derived
here may be applied to predict responses, and to design and
optimize meal macronutrient composition in dietary inter-
vention studies.
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