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Abstract

The aim of this study was to assess the effects of different dietary approaches on low-density lipoprotein (LDL) cholesterol,
high-density lipoprotein (HDL) cholesterol, and triglyceride (TG) levels in patients with type 2 diabetes (T2D) by applying
network meta-analysis (NMA). Systematic electronic and hand searches were conducted until January 2018. Randomized
controlled trials (RCTs) with an intervention period of > 12 weeks, focussing on adults with T2D, and comparing dietary
approaches regarding LDL, HDL or TGs, were included. For each outcome measure, random effects NMA was performed in
order to determine the effect of each dietary approach compared to every other dietary intervention. Mean differences (MDs)
and 95% confidence intervals (95% Cls) were calculated, and for the ranking, the surface under the cumulative ranking curves
(SUCRA) was determined. Additionally, the credibility of evidence was evaluated. 52 RCTs (44 for LDL, 48 for HDL and 52
for TGs) comparing nine dietary approaches (low fat, vegetarian, Mediterranean, high protein, moderate carbohydrate, low
carbohydrate, control, low glycaemic index/glycaemic load and Palaeolithic diet) enrolling 5360 T2D patients were included.
The vegetarian diet most effectively reduced LDL levels [MD (95% CI): —0.33 (—0.55, —0.12) mmol/L; compared to the
control diet]. The Mediterranean diet beneficially raised HDL [MD (95% CI): 0.09 (0.04, 0.15) mmol/L] and decreased TG
levels [MD (95% CI): —0.41 (—0.72, —0.10) mmol/L] compared to the control diet. The Mediterranean diet was the most
effective dietary approach to manage diabetic dyslipidaemia altogether (SUCRA: 79%). The overall findings are mainly
limited by low credibility of evidence.
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Introduction

Diabetes mellitus is a global health problem with a preva-
lence of worldwide 8.8% [1], which is associated with many
other health problems and high health care costs [2, 3].
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an important role in that matter [14, 15]. Based on expert
opinion, the American Diabetes Association (ADA) recom-
mends an individualized medical nutrition therapy for gly-
caemic and lipid management, because there is no single
dietary approach for patients with T2D [15]. In the literature,
several dietary regimens, such as dietary patterns with differ-
ent macronutrient compositions (e.g. low/high fat, low/high
carbohydrate, high protein) [16—18], the Mediterranean diet
[19] or the vegetarian diet [20], were investigated regarding
their effects on the management of T2D. A recent review
discussed the controversy of low fat versus low carbohydrate
diets regarding their effects on chronic diseases, including
diabetes [21]. However, no clear conclusion, which diet
offers the greatest benefit regarding prevention or manage-
ment of diabetes, was drawn. An emerging methodology
in the field of nutrition research to compare multiple inter-
ventions lies in network meta-analysis (NMA). NMA is an
extension of pairwise meta-analysis, which simultaneously
compares direct effects between interventions within trials
and indirect effects between trials, in order to estimate all
possible relative effects in a network and to obtain a thera-
peutically meaningful ranking [22, 23]. A recent NMA
comparing five dietary approaches (Mediterranean, high
carbohydrate, low carbohydrate, low fat and control diet)
found, that the Mediterranean diet showed the most benefi-
cial effects regarding both glycaemic and blood lipid control
[24]. However, this publication does not show the whole
picture, since randomized controlled trials (RCTs) on addi-
tional dietary approaches and their effects on glycaemic and
blood lipid control are available. Moreover, transitivity and
credibility of evidence was not evaluated in this NMA. Thus,
another recent NMA compared nine dietary approaches (low
fat, vegetarian, Mediterranean, high protein, moderate car-
bohydrate, low carbohydrate, control, low glycaemic index/
glycaemic load (low GI/GL) and Palaeolithic diet) regard-
ing glycaemic control in T2D and also found the Mediter-
ranean diet to be the most effective dietary approach [25].
However, the question which of these nine diets offers the
most benefits regarding blood lipid control in T2D was not
investigated in that NMA. Therefore, a systematic review
and NMA was conducted to answer this question.

Methods

The review was registered in PROSPERO International Pro-
spective Register of Systematic Reviews (https://www.crd.
york.ac.uk/prospero/display_record.php?RecordID=47464
) and our strategy for the systematic review and NMA was
pre-defined in a published protocol [26]. This systematic
review and meta-analysis was planned, conducted and
reported according to standards of quality for reporting sys-
tematic reviews and NMA [27, 28].
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Literature search

The literature search and screening of the studies was
conducted by two reviewers (LS, MN). Pubmed and the
Cochrane Central Register of Controlled Trials (CEN-
TRAL) were searched using predefined search terms until
January 2018 with no language restriction and no restric-
tion on date (Supplementary Table S1).

Eligibility criteria

Studies were included if they were RCTs (cross-over or

parallel) and if they compared different interventions of

dietary approaches (energy restricted, isocaloric or ad libi-

tum) regarding the outcomes LDL, HDL and/or TGs.
Eligible dietary interventions were:

e Low carbohydrate diet (<25% carbohydrates of total
energy intake; > 30% fat of total energy intake; high
intake of animal and/or plant protein) [29]

e Moderate carbohydrate diet (25-45% carbohydrates of
total energy intake; 10-20% protein intake) [29]

e High protein diet (>20% protein intake of total
energy intake; high intake of animal and/or plant pro-
tein; < 35% fat) [30]

e Low fat diet (<30% fat of total energy intake; high
intake of cereals & grains; 10—15% protein intake) [29]

e Low GI/GL diet [31]

e Vegetarian (no meat and fish) and vegan diet (no animal
products) [32]

e Mediterranean diet: high intake of fruit, vegetables,
olive oil, legumes, cereals, fish, and moderate intake
of red wine during meals [33]

e Palaeolithic diet: high intake of lean meat, fish, fruit,
vegetables, eggs and nuts; exclusion of dairy products,
cereal grains, beans, refined fats, sugar, candy, soft
drinks, beer and extra addition of salt [34]

e Control diet: no intervention or minimal intervention.

Whenever possible, the classification of dietary approaches
was adopted from the original studies, as was always the
case for qualitative dietary approaches, such as the low
GI/GL diet, the vegetarian diet, the Mediterranean and the
Palaeolithic diet. However, this was not always possible
for dietary approaches defined by their nutrient compo-
sition, because of overlaps between the approaches. For
example, we classified a high carbohydrate [35-42], a
low protein [43, 44] and a low fat diet [45-57] from the
original trials, all as low fat diet, because these approaches
had the same nutrient composition. Each dietary approach
was assigned to only one intervention arm and different
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intervention arms of one study were classified as different
dietary approaches. Nevertheless, in some cases, there was
an overlap of dietary approaches. For example, a vegetar-
ian diet [58] would also fulfil the criteria for a low fat diet
[29], but in contrast, low fat diets could not always be
classified as vegetarian diets.

The duration of the intervention had to be at least
3 months.

Studies were included if they focussed on participants
older than 18 years old and diagnosed with T2D according
to ADA criteria or other internationally recognized stand-
ards [59]. Studies including T2D patients with co-morbidi-
ties, including hypertension and hyperlipidaemia were also
included. Studies on children and adolescents, pregnant
women, participants with type 1 diabetes, impaired glucose
metabolism and chronic renal disease were excluded.

Studies were excluded if the interventions focussed on
supplements or single foods, if dietary supplements were
used as placebo, or if exercise and/or medication as co-inter-
vention were not applied in all groups. Studies including
interventions with very low calorie diets (< 600 kcal/d) were
also excluded, because they are not recommended at all by
the Canadian Diabetes Association [60] and not for longer
than 3 months without clinical supervision by the ADA [61].

Data extraction

Data were extracted by two reviewers (LS, MN). Extracted
data were: name of first author, year of publication, study
origin (country), study design (RCT: parallel or cross-over),
sample size, mean baseline age, mean baseline body mass
index (BMI), mean differences in weight change, study
duration, sex, description of dietary intervention arms and
control group, type of diet (energy restricted, isocaloric,
ad libitum) and drop-outs. Post-intervention values with
corresponding standard deviations for LDL, HDL and TGs
were extracted as outcome data.

Risk of bias assessment

Risk of bias assessment for each included trial was con-
ducted by two reviewers (LS, GH) using the risk of bias
assessment tool by the Cochrane collaboration [62]. This
tool assesses the following sources of bias: selection bias
(random sequence generation and allocation concealment),
performance bias (blinding of participants and personnel),
attrition bias (incomplete outcome data) and reporting bias
(selective reporting). A trial was classified as low risk of bias
if at least three out of five items were rated as low risk and
maximally one item was rated as high risk of bias. A trial
was classified as high risk of bias if at least two out of five

items were rated as high risk of bias. All other studies were
classified as moderate/unclear risk of bias [62].

Dealing with missing data

We contacted authors to receive missing outcome data (two
authors sent additional data [38, 63]). If no post-intervention
values with their corresponding standard deviations (SDs)
were available, change scores and corresponding SDs were
used according to the Cochrane handbook [64].

Data synthesis
Description of available data

Available data on study and population characteristics and
variables (age, length of follow-up, outcome relevant base-
line risk factors) were described for all included studies.
For each outcome (LDL, HDL, and TGs), available direct
comparisons between different dietary interventions and the
control group were displayed in a network diagram [65].

Assessment of transitivity

Transitivity is a fundamental assumption when conducting
a NMA and means that available treatment comparisons do
not differ in their distribution of effect modifiers. Its viola-
tion threatens the validity of the results [65]. We considered
mean baseline age, BMI, sample size, and study length as
possible effect modifiers in this NMA. Exercise was not con-
sidered as effect modifier, because we already defined it as
exclusion criterion, if it was not the same in the intervention
and control group. We assessed transitivity using box plots
to examine the distribution of effect modifiers between avail-
able direct comparisons [66].

Statistical analysis

For each outcome (LDL, HDL, and TGs), random effects
NMA were conducted in order to determine the pooled
effect of each intervention relative to every other inter-
vention. A NMA is an extension of pairwise meta-analy-
sis which enables a simultaneous comparison of multiple
interventions while keeping the internal randomization of
each trial and which allows for an estimation of all possible
pairwise effects and for obtaining a clinically meaningful
ranking [67]. Summary mean differences (MDs) and their
corresponding 95% confidence intervals (95% Cls) were
presented in a league table for each outcome (LDL, HDL,
and TGs) and the relative ranking of different diets were
estimated by distribution of the ranking probabilities and
the surface under the cumulative ranking curve (SUCRA)
[67]. Additionally, the SUCRA values of the three outcomes
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(LDL, HDL, and TGs) were averaged into a summary
SUCRA score for each dietary approach, in order to rank
the treatments according to their overall effect on diabetic
dyslipidaemia. Moreover, a common network-specific het-
erogeneity parameter was assumed. Calculations were fit-
ted in a frequentist framework and conducted with STATA
14. The network plots were generated using the R package
“netmeta” [68, 69].

Assessment of inconsistency

Valid results also depend on consistent results. Therefore,
direct and indirect evidence should be in agreement [65,
70]. For the assessment of inconsistency, local and global
approaches were used [70]. Specifically, we used the loop-
specific approach that detects loops of evidence with impor-
tant inconsistency [71] and the side-splitting approach that
examines if direct and indirect estimates disagree [72]. As
global approach, the design-by-treatment interaction model
was applied, which investigates inconsistency from all pos-
sible sources in the entire network simultaneously [73, 74].

Subgroup and sensitivity analyses

Sensitivity analyses were conducted excluding trials
with high risk of bias, including only long-term trials
(=12 months) and including only trials in patients with a
mean diabetes duration of > 5 years. We also ran an univari-
ate meta-regression to investigate the association between
mean differences in weight change and changes in LDL,
HDL and TGs [75].

Small study effects and publication bias

If 10 or more studies were available, a comparison adjusted
funnel-plot [65] and a contour-enhanced funnel plot were
generated. The latter examines if asymmetry is likely to be
explained by publication bias [76]. Inference on risk for
publication bias was based on non-statistical considerations,
namely how likely it is that studies have been conducted
but not published, based on expertise of investigators in the
field.

Credibility of evidence

The credibility of evidence was evaluated applying the Grad-
ing of Recommendations Assessment, Development and
Evaluation (GRADE) systems extended for NMA [70]. For
the evaluation we used the online tool CINeMA available
from http://cinema.ispm.ch/, which is based on this method-
ological framework. The five domains “within-study bias”,
“indirectness”, “imprecision”, “heterogeneity”, and “inco-
herence” are investigated for each pairwise comparison.
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Based on the contribution matrix, which shows how much
information comes from direct and indirect evidence, it is
determined how much information comes from low, moder-
ate or high risk of bias studies and “no concerns”, “serious
concerns” or “major concerns” are assigned to each domain.
The overall confidence rating was determined according to

pre-defined criteria (Supplementary Tables S17-19).

Results
Characteristics

Of the 3185 publications initially identified, 52 RCTs (44
for LDL, 48 for HDL and 52 for TGs) met the inclusion
criteria and provided sufficient data to be included in the
meta-analysis [34-58, 63, 77-102] (Supplementary Fig. S1).
A list of excluded studies can be found in Supplementary
Table S2. The trials were published between 1978 and 2016
and included a total of 5360 T2D patients. Sixteen trials
were conducted in North America, 13 in Europe, 8 in Asia
and 15 in Australia and New Zealand. The study duration
ranged between 3 and 48 months. The enrolled patients were
between 44 and 65 years old and had a BMI between 23
(Asian population) and 40 kg/m?. The study characteristics
are summarized in Supplementary Table S3. The dietary
interventions have been described in detail in the previous
NMA [25].

Risk of bias

Nineteen trials were assessed as low risk of bias, 7 as high
risk of bias and 26 as moderate/unclear risk of bias. Con-
cerning the specific items of the risk of bias assessment,
there was indication for low risk of bias for 58% of the trials
for random sequence generation, for 17% for the allocation
concealment, for 2% for the blinding of participations and
personnel, for 63% for incomplete outcome data and for 81%
for selective reporting. The risk of bias assessment for the
individual trials is summarized in Supplementary Fig. S2.

Network meta-analysis

Figure 1 shows the network diagrams for LDL (Fig. 1a),
HDL (Fig. 1b), and TGs (Fig. 1c¢). The nodes represent
the number of patients and the lines the number of trials.
The highest number of trials were available for the com-
parison between a moderate carbohydrate diet and a low
fat diet (n;p;, =10, nyp; =12, nyg=13), and for a high
protein diet compared to a low fat diet (n; p; =9, nyp;. =9,
nrg=9). The statistical contribution of direct and indirect
evidence of the different comparisons is in line with the
NMA by Schwingshackl et al. [25]. According to that
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Fig. 1 Network diagrams for
LDL (a), HDL (b) and TGs

(c). The size of the nodes is
proportional to the total number
of participants allocated to each
dietary approach and the thick-
ness of the lines proportional to
the number of studies evaluat-
ing each direct comparison. GI/
GL Glycaemic index/glycaemic
load

Mediterranean (n = 163)

(a) _
Vegetarian
(n=274)
Low fat (n = 2047)
Low
carbohydrate o
(n =252)
0 High
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Low GI/GL (n =332)
(n = 446)
Paleolithic (n = 13)
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carbohydrate
(n=307) Control (n = 365)
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(b) Ny
Vegetarian 4
(n=281) Low fat (n = 2264)
Low
carbohydrate
(n =252)
High
protein
Low GI/GL (n=332)
(n =430)
Paleolithic (n = 13)
Moderate
carbohydrate
(n=386) Control (n = 411)
Mediterranean (n = 271)
(c) )
Vegetarian
(n=281) Low fat (n = 2427)
Low
carbohydrate
(n =303)
High
protein
Low GI/GL (n =330)
(n = 448)

Paleolithic (n = 13)

Moderate
carbohydrate
(n=440) Control (n = 470)
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contribution matrix, most of the contribution to the study
effects come from indirect comparisons. Direct com-
parisons were mostly available for the different dietary
approaches compared to a low fat diet (Fig. 1). There was
no evidence for transitivity (Supplementary Fig. S3-6).

LDL-cholesterol

Table 1 summarizes the effect size estimates (MDs
with their 95% CI) for the comparison of every dietary
approach compared with each other on LDL (mmol/L).
The vegetarian diet, low GI/GL diet, and moderate carbo-
hydrate diet were found to be more effective in reducing
LDL than the control diet [MD (95% CI): —0.33 (—0.55,
—0.12) mmol/L, —0.26 (- 0.43, —0.09) mmol/L, and
—0.21 (- 0.38, —0.05) mmol/L, respectively]. Vegetar-
ian diet intervention also decreased LDL more effectively
compared to the low carbohydrate diet [MD (95% CI):
—0.29 (-0.52, —0.06) mmol/L], the high protein diet
[MD (95% CI): —0.31 (—0.53, —0.09) mmol/L] and
the low fat diet [MD (95% CI): —0.23 (- 0.40, —0.06)
mmol/L]. The low GI/GL diet yielded a stronger reduc-
tion in LDL compared to the low carbohydrate diet [MD
(95% CI): —0.21 (- 0.40, — 0.02) mmol/L], the high pro-
tein diet [MD (95% CI): — 0.23 (—0.41, —0.05) mmol/L],
and the low fat diet [MD (95% CI): —0.15 (- 0.26, —0.04)
mmol/L].

HDL-cholesterol

Table 2 summarizes the effect size estimates (MDs with
their 95% CI) for the comparison of every dietary approach
compared with each other on HDL (mmol/L). The only diet
that effectively raised HDL was the Mediterranean diet. The
MD (95% CI) was 0.09 (0.04, 0.15) mmol/L compared to
the control diet, 0.12 (0.07, 0.18) mmol/L compared to the
high protein diet, 0.08 (0.05, 0.12) mmol/L compared to the
low fat diet, and 0.08 (0.03, 0.13) mmol/L compared to the
moderate carbohydrate diet. The other diets showed either
no effect or even decreased HDL, especially the vegetarian
diet (Table 2).

Triglycerides

Table 3 summarizes the effect size estimates (MDs with
their 95% CI) for the comparison of every dietary approach
compared with each other on TGs (mmol/L). The Mediter-
ranean diet showed reductions in TGs compared to the con-
trol diet, the low fat diet and the low GI/GL diet, [MD (95%
CI): —=0.41 (- 0.72, —0.10) mmol/L, — 0.33 (- 0.59, — 0.08)
mmol/L, and —0.35 (—0.66, —0.05) mmol/L, respectively].
Additionally, the low carbohydrate diet was more favourable
than the control diet [MD (95% CI): —0.36 (- 0.62, —0.10)
mmol/L], the low fat diet [MD (95% CI): —0.28 (—0.48,
—0.09) mmol/L] and the low GI/GL diet [MD (95% CI):
—0.30 (—=0.55, — 0.06) mmol/L]. The other diets showed no
effect (Table 3).

Table 1 League table showing the results of the network meta-analysis comparing the effects (mean difference: MD) of all dietary approaches
and 95% confidence intervals (95% CI) on LDL (mmol/L) in individuals with T2D (n=44)

Vegetarian

-0.08 Low GI/GL

(—0.28,0.13)

-0.14 -0.07 Mediterranean

(—=0.44,0.15) (-=0.33,0.20)

-0.13 -0.05 0.02 Palaeolithic

(-0.97,0.71) (-0.88,0.78) (—0.84,0.87)

-0.12 -0.05 0.02 0.01 Moderate car-

(—=0.33,0.08) (—=0.19,0.10) (—=0.25,0.29) (—0.83,0.84) bohydrate

-0.23 -0.15 -0.08 -0.10 —-0.11 Low fat

(—-0.40, —0.06) (—0.26,—0.04) (—0.33,0.16) (=0.92,0.72) (=0.22,0.01)

-0.31 —-0.23 -0.17 -0.18 -0.19 —0.08 High protein
(-0.53,-0.09) (—0.41,-0.05) (—0.45,0.12) (—=1.02,0.65) (—0.37,0.00) (—0.22, 0.06)

-0.29 -0.21 -0.15 -0.16 -0.17 —0.06 0.02 Low carbohy-
(-=0.52,-0.06) (—0.40,—0.02) (—0.44,0.15) (—1.00, 0.68) (—0.36,0.02) (=0.22,0.10) (—0.19,0.23) drate
-0.33 -0.26 -0.19 -0.21 -0.21 —0.11 -0.03 -0.05 Control

(=0.55,—0.12) (—0.43,-0.09) (=0.47,0.08)

(= 1.04,0.63) (—0.38, —0.05)

(=0.24,0.02) (=0.22,0.17) (=0.25,0.16)

The values below the dietary approaches correspond to the mean difference in LDL (mmol/L) between the column and the row (e.g. the MD
LDL between the Mediterranean diet and the control diet is —0.19 mmol/L). The effect was interpreted as statistically significant if the 95% ClIs

did not include the null value (highlighted in bold letters)

GI/GL Glycaemic index/glycaemic load; LDL low-density lipoprotein cholesterol
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Table 2 League table showing the results of the network meta-analysis comparing the effects (mean difference: MD) of all dietary approaches
and 95% confidence intervals (95% CI) on HDL (mmol/L) in individuals with T2D (n=48)

Vegetarian

—0.05 Low GI/GL

(=0.11,0.01)

-0.17 -0.11 Mediterra-
(-0.23,-0.10) (-0.16,—0.06) nean

-0.16 -0.11 0.00
(=0.38,0.05) (-0.32,0.10) (-=0.21,0.22)
-0.09 -0.03 0.08
(-0.15,-0.02) (-0.08,0.01) (0.03,0.13)
-0.08 -0.03 0.08
(-=0.13,-0.03) (—0.06,0.00) (0.05,0.12)
—-0.04 0.01 0.12
(=0.11,0.03) (—0.04,0.07) (0.07,0.18)
-0.13 -0.08 0.03
(-=0.20,-0.06) (—0.13,-0.02) (-0.02,0.09)
-0.07 -0.02 0.09
(-0.14,-0.01) (-0.07,0.03) (0.04,0.15)

Palaeolithic

0.08
(=0.13,0.29)

0.08
(=0.13,0.29)

0.12
(=0.09, 0.33)

0.03

bohydrate

0.00

(=0.03, 0.04)
0.04

(=0.02, 0.10)
-0.05
(—0.18,0.24) (-0.11,0.01)
0.09 0.01
(=0.12,0.30) (—0.04, 0.06)

Moderate car-

Low fat

0.04 High protein

(0.00, 0.09)

-0.05 -0.09 Low carbo-
(=0.10,0.00) (-0.15,-0.02) hydrate

0.01 -0.03 0.06 Control
(—0.03,0.05) (—0.09,0.03) (=0.01,0.12)

The values below the dietary approaches correspond to the mean difference in HDL (mmol/L) between the column and the row (e.g. the MD
HDL between the Mediterranean diet and the control diet is 0.09 mmol/L). The effect was interpreted as statistically significant if the 95% CIs
did not include the null value (highlighted in bold letters)

GI/GL Glycaemic index/glycaemic load; HDL high-density lipoprotein cholesterol

Table 3 League table showing the results of the network meta-analysis comparing the effects (mean difference: MD) of all dietary approaches
and 95% confidence intervals (95% CI) on TGs (mmol/L) in individuals with T2D (n=52)

Vegetarian
-0.02
(=0.31,0.27)
0.33

(—0.02, 0.69)
0.50

(=0.13, 1.13)
0.13
(—0.15,0.42)
0.00
(—0.24,0.24)
0.04

(—0.26, 0.34)
0.28

(—0.03, 0.59)

—-0.08
(=0.38,0.22)

Low GI/GL

0.35 Mediterranean
(0.05, 0.66)

0.52 0.17

(—=0.08, 1.12) (—0.47,0.80)
0.15 -0.20
(—0.05,0.35) (—0.50,0.10)
0.02 -0.33
(=0.14,0.18) (-0.59, —0.08)
0.06 -0.29
(—0.18,0.30) (-0.61,0.02)
0.30 -0.05
(0.06,0.55) (—0.38,0.28)
—0.06 -0.41

(=0.29,0.18) (=0.72,-0.10)

Palaeolithic

-0.36
(- 0.96, 0.23)
-0.50
(—1.08, 0.08)
—0.46
(- 1.07,0.15)
-0.22
(—0.83,0.40) (—0.09,0.38)
-0.58 -0.21
(—1.18,0.03) (—0.43,0.00)

Moderate carbo-
hydrate

-0.14

(—=0.28, 0.01)

-0.09

(—=0.33,0.14)

0.15

Low fat

0.04 High protein

(—0.14,0.23)

0.28 0.24 Low carbohy-

(0.09,0.48) (—0.03,0.51) drate

—-0.08 -0.12 -0.36 Control

(=0.25,0.10) (-=0.37,0.14) (-0.62,—-0.10)

The values below the dietary approaches correspond to the mean difference in TGs (mmol/L) between the column and the row (e.g. the MD TGs
between the Mediterranean diet and the control diet is —0.41 mmol/L). The effect was interpreted as statistically significant if the 95% Cls did
not include the null value (highlighted in bold letters)

GI/GL Glycaemic index/glycaemic load; TG triglycerides

SUCRA

The SUCRA-values for each outcome (LDL, HDL, TGs)
and the summary SUCRA-scores for each diet are summa-
rized in Table 4. For LDL, the vegetarian diet scored the

highest SUCRA-value (88%), followed by the low GI/GL
diet (77%) and the moderate carbohydrate diet (67%). For

HDL, the Mediterranean diet reached the highest SUCRA-
value (92%), followed by the low carbohydrate diet (80%)
and the Palaeolithic diet (76%). The latter also achieved
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Table 4 SUCRA ranking for the dietary approaches by outcome (LDL, HDL and TGs) and in summary

Rank LDL SUCRA (%) HDL SUCRA (%) TG SUCRA (%) Summary of LDL, SUCRA (%)
HDL and TG

Vegetarian 88 Mediterranean 92 Palaeolithic 88 Mediterranean 79
Low GI/GL 77 Low carbohydrate 80 Mediterranean 84 Palaeolithic 73

3 Moderate carbo- 67 Palaeolithic 76 Low carbohydrate 80 Low carbohydrate 62

hydrate
4 Mediterranean 61 Moderate carbo- 54 Moderate carbo- 61 Moderate carbo- 61
hydrate hydrate hydrate

5 Palaeolithic 55 Low fat 53 High protein 39 Low GI/GL 43

6 Low fat 41 Control 44 Vegetarian 30 Low fat 41

7 Low carbohydrate 25 Low GI/GL 27 Low fat 29 Vegetarian 40

8 High protein 21 High protein 20 Low GI/GL 26 High protein 27

9 Control 15 Vegetarian 3 Control 13 Control 24

GI/GL Glycaemic index/glycaemic load; LDL low-density lipoprotein cholesterol; HDL high-density lipoprotein cholesterol; TG triglycerides

the highest SUCRA-score for TGs (88%), followed by the
Mediterranean diet (84%) and the low carbohydrate diet
(80%). According to the summary SUCRA ranking for the
three outcomes combined, the most beneficial approach
regarding the management of diabetic dyslipidaemia was
the Mediterranean diet (79%), followed by the Palaeolithic
(73%) and the low carbohydrate diet (62%). However, the
results regarding the Palaeolithic diet need to be inter-
preted with caution, because only one trial was available
for this diet.

Inconsistency

The side-splitting approach showed inconsistency for the
comparison of the low fat diet with the low carbohydrate
diet (p =0.035) (Supplementary Table S14) regarding
LDL, and for the comparisons between the control diet
with the low fat diet (p =0.031) or the moderate carbo-
hydrate diet (p =0.023) regarding HDL, respectively,
(Supplementary Table S15). For TGs, inconsistency was
observed with the side-splitting approach for the compari-
son between the moderate carbohydrate and low carbohy-
drate diet (p =0.034) (Supplementary Table S16). There
was no indication for inconsistency with the design by
treatment approach for any of the outcomes (p; p;, =0.517,
Pupr. =P =0.322 and pyg=0.451). The loop-specific
approach showed no inconsistency for LDL (Supple-
mentary Fig. S7), borderline inconsistency for the loop
between the low fat, moderate carbohydrate and, control
diet regarding HDL (Supplementary Fig. S8), and incon-
sistency in the loop between the low carbohydrate, moder-
ate carbohydrate, and low GI/GL diet regarding TGs (Sup-
plementary Fig. S9).

@ Springer

Sensitivity analyses

The results for the sensitivity analyses are shown in Sup-
plementary Tables S5-13. For LDL, when excluding stud-
ies with high risk of bias, the results of the main analy-
sis were in general confirmed (Supplementary Table S5).
When including only long-term trials (> 12 months), the
effects pointed to the same directions, were stronger for the
effects between the vegetarian diet and LDL, but were in
general less precisely estimated (Supplementary Table S8).
Additionally, including only trials in patients with a diabe-
tes duration of > 5 years, led to stronger LDL reductions of
at least 25% for the vegetarian diet, for example compared
to the control diet [MD, ;i anaiysis (95% CI): —0.33 (= 0.55,
—0.12) mmol/L vs. MDg,qiivity anatysis (95% CD): —0.42
(—0.82, —0.02) mmol/L] (Supplementary Table S11).
Regarding HDL, excluding studies with high risk of bias,
attenuated the results regarding the vegetarian diet (Supple-
mentary Table S6), while the direction of its effects changed,
and the estimates were imprecise, when considering only
long-term trials (> 12 months) (Supplementary Table S9).
When including only trials in patients with a diabetes dura-
tion of > 5 years, the beneficial effects of the Mediterranean
diet regarding HDL increase were enhanced by at least 30%,
for example compared to the control diet [MD
(95% CI): 0.09 (0.04, 0.15) mmol/L vs. MDeygitivity analysis
(95% CI): 0.16 (0.05, 0.27) mmol/L], but were attenuated
and less precisely estimated for the vegetarian diet (Sup-
plementary Table S12). Regarding TGs, excluding studies
with high risk of bias generally confirmed the results of the
main analysis (Supplementary Table S7), while the effects of
the Mediterranean diet were stronger (change of > 15%, for
example compared to the control diet [MDy,,i, anatysis (95%
CD: —0.41 (=0.72, = 0.10) mmol/L vs. MDy,giivity analysis
(95% CI): —0.48 (—0.82, —0.13) mmol/L]) in long-term
trials (> 12 months) (Supplementary Table S10). Including

main analysis
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only studies in patients with a mean diabetes duration
of > 5 years, the effects pointed to the same direction com-
pared to our main analysis, but were generally stronger (Sup-
plementary Table S13).

In meta-regression models, a positive trend between
differences in weight change and changes in TG was
observed [0.039 mmol/L higher TG levels per 1 kg mean
difference in weight change (95% CI: 0.004, 0.073 mmol/L)
pPrg=0.030] (Supplementary Fig. S12). For changes in
LDL [0.008 mmol/L higher LDL per 1 kg mean differ-
ence in weight change (95% CI: —0.023, 0.040 mmol/L),
pLpL = 0.586] (Supplementary Fig. S10), and HDL
[0.002 mmol/L descrease in HDL per 1 kg mean differ-
ence in weight change (95% CI: —0.012, 0.009 mmol/L),
PuLp =0.756] (Supplementary Fig. S11), the picture was
less clear.

Publication bias

No asymmetry was detected in the comparison adjusted fun-
nel plots for any of the three outcomes (LDL, HDL, and
TGs) (Supplementary Fig. S13-15).

Credibility of evidence

For the significant associations regarding LDL and HDL,
the credibility of evidence was mainly low. Exceptions were
the comparisons of the low GI/GL and the moderate car-
bohydrate diet with the control diet as well as for the high
protein compared to the low GI/GL diet regarding LDL, and
the comparisons of the Mediterranean diet with the low GI/
GL, high protein, low fat, and moderate carbohydrate diet
regarding HDL, where the credibility of evidence was mod-
erate (Supplementary Tables S17 and S18). As for TGs, the
credibility of evidence was moderate for the Mediterranean
diet compared to the control, the low GI/GL and the low
fat diet, and low for the low carbohydrate compared to the
control, the low GI/GL and the low fat diet (Supplementary
Table S19).

Discussion

In our NMA, we ranked nine dietary approaches (low fat,
vegetarian, Mediterranean, high protein, moderate carbo-
hydrate, low carbohydrate, control, low GI/GL, and Palaeo-
lithic diet) according to their effects on blood lipid control
(LDL, HDL and TGs) in patients with T2D. The dietary
interventions showed slightly different effects regarding the
three outcomes. The vegetarian, the low GI/GL, and the
moderate carbohydrate diet yielded lower LDL levels com-
pared to the control diet, with most robust findings for the
vegetarian diet, for which stronger effects were observed

including only long-term trials (> 12 months) and stud-
ies in patients with a mean diabetes duration of > 5 years.
However, the vegetarian diet led to an adverse decrease in
HDL levels, though this effect was attenuated excluding
studies with high risk of bias and including only studies in
patients with a mean diabetes duration of >5 years. In the
other sensitivity analyses the results remained robst, with
the Mediterranean diet leading to a beneficial increase of
HDL levels compared to other dietary interventions, includ-
ing the control diet. Strongest reductions of TG levels were
seen for the Mediterranean and the low carbohydrate diet
compared to the control diet. Furthermore, these reductions
were higher in sensitivity analyses including only studies
in patients with a mean diabetes duration of >5 years. The
ranking according to the summary SUCRA for the three out-
comes combined showed the highest score for the Mediter-
ranean diet, followed by the Palaeolithic and the low carbo-
hydrate diet, indicating that these three dietary interventions
were the most effective ones regarding blood lipid control.
The credibility of evidence for these effects was very low
to moderate.

The ADA recommends “healthful eating patterns”, for
example a Mediterranean or a vegetarian diet, regarding the
management of T2D, depending on each patient’s individual
goals [15]. However, no dietary intervention is specified and
thus, it remains unclear which is the most beneficial die-
tary approach regarding the management of dyslipidaemia
in T2D. It is in accordance with our results, that healthy
dietary patterns like the Mediterranean and the vegetarian
diet are effective in managing blood lipids in T2D. How-
ever, our overall SUCRA-ranking points towards the Medi-
terranean diet as the most beneficial diet to manage diabetic
dyslipidaemia.

Several pairwise meta-analyses of RCTs examined the
effect of different dietary approaches on blood lipid control.
In these, the only effect on LDL was observed for a veg-
etarian diet compared to a control diet, which lowered LDL
significantly in individuals with diabetes, obesity, or at risk
for CVD, but not in healthy individuals [20, 103, 104]. This
is in line with our results in T2D patients. While the meta-
analyses of trials focussed on LDL as a surrogate marker for
CVD, epidemiological studies also show that the vegetarian
diet was favourably related to hard endpoints, such as CVD
mortality [8, 105]. Our observed effects of the low GI/GL
diet on LDL were confirmed in one meta-analysis [106], but
not in another [16] including diabetes patients. However, the
latter only included three trials (all of them showing no ben-
eficial effects), as compared to eight trials in our NMA and
27 in the first meta-analysis, including trials which found
significant beneficial effects of a low GI/GL diet on LDL
[106]. A meta-analysis in overweight and obese individuals
without diabetes also found a decrease in LDL for a low GI/
GL diet [107]. Although our comparison of the low GI/GL
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diet with the control diet is based solely on indirect evidence,
the credibility of evidence for this association was moder-
ate. As for HDL, previous pairwise meta-analyses observed
a beneficial effect for a Mediterranean diet compared to a
control diet [16, 19], which concurs with our results. How-
ever, a meta-analysis including trials in healthy individuals
as well as participants with cardiovascular risk factors, such
as diabetes and the metabolic syndrome, found no signifi-
cant effect of the Mediterranean diet on HDL [108]. We
also identified the Palaeolithic and low carbohydrate diet
as effective dietary strategies to improve HDL. However,
the estimates failed to reach statistical significance. For the
Palaeolithic diet, this might be explained by the low num-
bers of studies (n=1). In line with our findings, pairwise
meta-analyses observed beneficial effects regarding HDL
comparing a low carbohydrate diet to a control diet [16,
17] and a low fat, high carbohydrate diet [109] in diabe-
tes patients. A meta-analysis including trials in individuals
with and without T2D also found an increase in HDL for a
low carbohydrate diet compared to a low fat diet [110]. In
accordance with our data, previous meta-analyses of trials
found that TG levels were lowered comparing a Mediter-
ranean diet to a control diet [19] and to a low fat diet [16]
as well as a low fat diet to a low carbohydrate diet [109]
in T2D patients. This was also observed in a meta-analysis
including studies in healthy individuals and participants with
cardiometabolic risk factors when comparing the Mediter-
ranean diet to a control diet [108]. In epidemiological stud-
ies, the Mediterranean diet was also found to be associated
with reduced relative risk of harder CVD endpoints, such as
CVD mortality in individuals with and without T2D [111,
112]. Additionally, we observed a reduction of TG levels
for the low carbohydrate diet compared to the control diet.
These findings were confirmed by two previous reports [17,
113], but not in another meta-analysis [16]. A meta-analysis
including overweight and obese individuals with and with-
out diabetes also found a significant reduction of TG levels
comparing a low carbohydrate diet to a low fat diet [110].
Taken together, most of the evidence on dietary interven-
tions and blood lipid control is derived from populations
focussing on individuals with obesity, diabetes, or at cardio-
vascular risk, and limited evidence from healthy populations
is available. The sparse evidence indicates that dietary inter-
ventions have a less important role in blood lipid metabolism
in healthy individuals [114—116]. Thus, dietary interventions
might have benefits especially for individuals with metabolic
disorders, including diabetes. In the SUCRA ranking, the
Mediterranean diet yielded the highest score, followed by
the Palaeolithic and the low carbohydrate diet. In line with
our results, Pan et al. [24] concluded in their NMA compar-
ing five dietary approaches (Mediterranean, high carbohy-
drate, low carbohydrate, low fat, and control diet), that the
Mediterranean diet was the best dietary approach to reduce
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cardiovascular risk in T2D. In their report, the Mediterra-
nean diet was ranked as the most effective dietary approach
in reducing LDL and TGs. However, to increase HDL, the
low carbohydrate and the low fat diet were more favourable
than the Mediterranean diet, which does not concur with our
findings. Discrepancies might be explained by the inclusion
of more dietary approaches (nine in our NMA as opposed to
five diets), the higher number of included studies (52 in our
NMA compared to 10 trials) and the exclusion of short-term
trials (<3 months) in our NMA. Additionally, Pan et al. [24]
did not calculate an overall ranking.

The mediating effect of weight loss, and especially the
reduction of abdominal obesity, is likely to explain part
of the effects of the Mediterranean, the Palaeolithic and
the low carbohydrate diet on diabetic dyslipidaemia [17,
34, 117]. These diets have been shown to promote weight
loss by inducing satiety and increasing energy expenditure
[118-120]. In addition, in our analyses, we observed a posi-
tive association between differences in weight change and
changes in TG, and there was indication for a change in
LDL, but not in HDL.

However, further mechanisms are probably attributable to
individual components of the diets [17, 117]. The consump-
tion of mono-unsaturated fatty acids (MUFAs) and omega-3
fatty acids is typically high in the Mediterranean diet
because of high intake of extra virgin olive oil and fish [33]
and has also been found to be increased in the low carbo-
hydrate diet [121]. MUFAs have been shown to reduce TGs
and increase HDL levels in patients with and without T2D,
but had no significant effect on LDL levels [18, 122—124].
Supplementation with omega-3 fatty acids led to a, though
only small, decrease in LDL and TG levels in patients with
T2D [125]. This might partly explain the mainly beneficial
effect of the Mediterranean and the low carbohydrate diet
mainly on HDL and TGs, with non-significant effects on
LDL. Moreover, inflammatory adipokines contribute to the
genesis of dyslipidaemia in T2D [126]. Thus, the higher
intake of anti-inflammatory and anti-oxidant compounds via
high consumption of fruit and vegetables in all three diets is
also likely to play a role in their beneficial effects on blood
lipids [117]. In this context, especially the Mediterranean
diet offers benefits through higher intake of dietary polyphe-
nols found in olive oil, nuts, legumes and red wine [117].
Furthermore, since there is a reciprocal relation between
dyslipidaemia and a disrupted glucose metabolism, benefi-
cial effects of these dietary patterns on glycaemic control
[25] may interact with blood lipid levels [4, 6, 7].

The role of HDL in patients with T2D is discussed con-
troversially. Recent evidence suggests that HDL loses its
anti-inflammatory properties in the pathological state of
T2D [127]. Additionally, genetic information in the gen-
eral population showed no association between HDL and
coronary heart disease (CHD) [128]. However, other studies
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indicate an inverse association between HDL levels and risk
of chronic kidney disease in patients with T2D [11, 12]. In
contrast, the role of LDL and TGs is less ambiguous. Higher
values of LDL and TGs have been shown to be associated
with increased risk for cardiovascular events and mortal-
ity [8, 9] as well as microvascular complications (diabetic
neuropathy, nephropathy and retinopathy) [10] in patients
with T2D. Additionally, genetic information in the general
population showed a clear association of LDL and TGs with
CHD [128].

Strengths and limitations

The strengths of this study include the use of novel NMA
methods, which enabled us to compare and rank nine dietary
approaches according to their efficacy regarding blood lipid
control in T2D. Our NMA is the most comprehensive report,
including more than 50 trials, which had an intervention
period of at least 3 months or even more (22 trials with
intervention period > 12 months). Further strengths are the
evaluation of inconsistency, the assessment of the credibility
of evidence for each comparison, and the a priori published
protocol [26].

A limitation of this study is the heterogeneous defini-
tion for the different dietary approaches. Whenever possi-
ble, we adopted the classifications from the original stud-
ies. However, because this was not always possible for
dietary approaches defined by their nutrient composition
due to overlaps between the approaches, they were catego-
rized into a priori defined classes of dietary approaches as
described previously [25]. Nevertheless, overlaps between
some dietary approaches cannot be ruled out. For example,
a vegetarian diet would also fulfil the criteria for a low fat
diet, but in contrast, low fat diets could not be classified
always as vegetarian diets. However, we did not recategorize
the dietary approaches because each dietary approach could
only be assigned to one intervention arm. Furthermore, the
analyses of the trials were based on the intended randomiza-
tion design and not on the actual adherence to the respective
diets. Additionally, because only five RCTs with no reduced
energy intake and weight loss were included in our NMA,
no stratified analyses for energy balance were possible to
examine the mediating effect of energy restriction on our
results. However, we conducted univariate meta-regression
analyses to investigate the association between differences in
weight change and changes in blood lipids. Furthermore, for
most RCTs, no information on existing co-morbidities and
severity of diabetes was available and the information on the
intake of hypoglycaemic drugs, antihypertensive, and lipid
lowering medication differed between studies. Therefore, no
sensitivity analysis considering these aspects was possible.
Another limitation is the quality of the included studies.
Seven out of the 52 included trials were of high risk of bias

due to lack of allocation concealment and blinding. This
was included in the credibility of evidence evaluation and
lowered the confidence in the estimates, together with con-
cerns due to indirectness (contribution to the study effects
came mainly from indirect comparisons) and imprecision.
Additionally, the results on the Palaeolithic diet need to be
interpreted with caution because only one trial was available
for this dietary approach. Furthermore, we only examined
surrogate markers as endpoints and further research on hard
endpoints, such as diabetic complications and mortality, is
warranted.

Conclusions

According to our NMA, the Mediterranean diet was the most
effective diet to manage diabetic dyslipidaemia. However,
the credibility of evidence for the results was very low to
moderate. Nevertheless, our findings could give a first direc-
tion towards dietary recommendations for the management
of blood lipid control in patients with T2D.
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