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ABSTRACT

Background: In type 2 diabetes (T2D), consuming carbohydrates results in a rapid and large increase in blood glucose, particularly in the morning when
glucose intolerance is highest.

Objectives: We investigated if a low-carbohydrate (LC) breakfast (~465 kcal: 25 g protein, 8 g carbohydrates, and 37 g fat) could improve glucose
control in people with T2D when compared with a low-fat control (CTL) breakfast (~450 kcal:20 g protein, 56 g carbohydrates, and 15 g fat).
Methods: Participants with T2D (N = 121, 53% women, mean age 64 y) completed a remote 3-month parallel-group randomized controlled trial
comparing a LC with standard low-fat guideline CTL breakfast. The change in HbAlc was the prespecified primary outcome. Continuous glucose
monitoring, self-reported anthropometrics, and dietary information were collected for an intention-to-treat analysis.

Results: HbAlc was reduced (—0.3%; 95% CIL: —0.4%, —0.1%) after 12 wks of a LC breakfast, but the between-group difference in HbAlc was of
borderline statistical significance (—0.2; 95% CI: —0.4, 0.0; P = 0.06). Self-reported total daily energy (—242 kcal; 95% CI: —460, —24 kcal; P = 0.03)
and carbohydrate (—73 g; 95% CI: —101, —44 g; P < 0.01) intake were lower in the LC group but the significance of this difference is unclear. Mean and
maximum glucose, area under the curve, glycemic variability, standard deviation, and time above range were all significantly lower, and time in the range
was significantly higher, in the LC group compared with CTL (all P < 0.05).

Conclusions: Advice and guidance to consume a LC breakfast appears to be a simple dietary strategy to reduce overall energy and carbohydrate intake

and improve several continuous glucose monitoring variables when compared with a CTL breakfast in persons living with T2D.

The trial was registered at clinicaltrials.gov as NCT04550468.
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Introduction

Postprandial hyperglycemia and glycemic variability are indepen-
dent risk factors for CVD and mortality in people living with type 2
diabetes (T2D) [1,2]. Postprandial hyperglycemia is characterized by a
rapid and large increase in blood glucose levels after meals. Isolated
postprandial hyperglycemia, even with normal fasting glucose and
HbAIlc is associated with a 2-fold increased risk of death from CVD
[3]. Glycemic variability, daily blood glucose oscillations, including
episodes of hyperglycemia and hypoglycemia [4], is now also

recognized as a significant predictor of diabetes complications, in
addition to HbAlc [5,6]. Exposure to daily glycemic excursions con-
tributes to heightened oxidative stress and inflammation, linking
postprandial hyperglycemia and glycemic variability to the pathogen-
esis of atherosclerosis [2]. Because CVD is the major cause of
morbidity and mortality in patients with T2D, treatment strategies
specifically directed toward lowering postprandial glucose swings and
reducing glycemic variability are crucial.

Ingesting carbohydrates directly influence postprandial glucose
levels and affect overall glycemic control in individuals with diabetes

Abbreviations: CGM, Continuous glucose monitoring; CTL, Control, low-fat; LC, Low-carbohydrate; iAUC, incremental Area Under the Curve; MAGE, Mean amplitude of
glycemic excursion; RCT, Randomized controlled trial; T2D, Type 2 diabetes; CVD, Cardiovascular disease; EI, Energy intake.
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[7]. Reducing carbohydrate intake is recognized as a dietary strategy
with substantial evidence for improving glucose control [8]. However,
the benefits of a low-carbohydrate (LC) diet can be limited by poor
dietary adherence [9]. One potential strategy to mitigate hyperglycemic
excursions, without following a strict LC diet, is to manipulate only one
of the daily meals. A low-fat (and high-carbohydrate) breakfast meal,
in line with most dietary guidelines [10], appears to consistently incur
the highest daily hyperglycemic spike in people with T2D and thus
presents a crucial barrier to achieving good glycemic control [11].
Disruptions in the circadian rhythm in people with T2D result in higher
levels of insulin resistance and greater glucose intolerance in the
morning [12]. A higher carbohydrate intake in the morning leads to
higher markers of glycemic variability, when compared with lower
carbohydrate intake [13]. Reducing the carbohydrate content of the
morning breakfast might be a simple way to improve glycemia in
people with T2D, even without changing the macronutrient content of
other meals [14].

In a recent proof-of-concept randomized crossover trial, we demon-
strated that when participants with T2D completed two 24-h experi-
mental days under fully controlled feeding conditions, there was a 74%
reduction in the postprandial glucose response and significantly lower
glycemic variability when an LC breakfast was consumed compared
with a dietary guideline low-fat breakfast [15]. These findings suggest
that eating an LC breakfast may better align with daytime variations in
glucose tolerance and help mitigate overall exposure to postprandial
hyperglycemia in people with T2D. However, the long-term or
free-living impacts of regularly consuming a LC breakfast compared
with a low-fat breakfast in people with T2D have yet to be established.

The aim of this randomized controlled trial (RCT) was to determine
if advice and guidance to regularly consume an LC breakfast, when
compared with a low-fat breakfast, could lead to clinically meaningful
improvements in glycemic control in individuals with T2D. We hy-
pothesized that consuming a LC breakfast over 3 mo would improve
glycemic control assessed by HbAlc (primary outcome) and contin-
uous glucose monitoring (CGM; secondary outcomes). We also
explored whether the LC breakfast would impact overall dietary intake,
hunger/satiety, body mass, physical activity, and breakfast intentions.
Targeting the meal that leads to the largest postprandial hyperglycemic
response of the day may represent a simple, feasible, and sustainable
intervention that is aligned with daytime variation in glucose tolerance
with potential to improve glycemic control and reduce risk of diabetes
complications over time.

Methods

Study design and participants

This study was a 12-wk 2-site parallel-arm RCT conducted during
the COVID-19 pandemic with participants randomly allocated (1:1,
blocks of 6) to a LC breakfast (LC) or a low-fat control breakfast (CTL)
on the basis of the dietary guidelines and breakfasts typically
consumed. Individuals from Canada (British Columbia, Saskatchewan,
and Ontario) and Australia (New South Wales, South Australia, Vic-
toria, and Western Australia) responded to online advertisements be-
tween October 2020 and March 2022. Eligibility criteria included the
following: /) physician-diagnosed T2D of >1 y; 2) current HbAlc of
<8.5% (69 mmol/L); 3) BMI: >25 kg/mz; 4) blood pressure of <160/
99 mmHg; and 5) 20-79 y old. Participants were excluded if they were
1) using exogenous insulin; 2) taking >2 glucose-lowering medica-
tions; 3) undergoing medical treatment of cancer, autoimmune or
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inflammatory disease, liver or kidney disorders; 4) smokers; 5) on HRT,
corticosteroids, or antiinflammatory medications; 6) allergic, intolerant
or with aversion to eggs or any other dietary restrictions that would
prevent them from following the intervention breakfasts; 7) being
unable to follow remote guidance by internet or smartphone; or §)
unable to follow the prescribed diet instructions. After screening,
participants met with a member of the research team over telephone or
video conference where study procedures were explained in detail and
digital informed consent was obtained via RedCAP (version 12.2.10,
2022 University of British Columbia, Advanced Research Computing)
[16]. A research assistant then obtained randomization via Sealed
Envelope, an online generator, with sex as a stratification factor and
permuted block sizes of 6 [17]. The COVID-19 pandemic resulted in
various lockdowns, limitations to close contact, and restrictions to
in-person research that varied over time across both study sites,
necessitating that this study was designed to be conducted completly
remotely.

The trial was approved by the University of British Columbia
Research Ethics Board and the University of Wollongong Ethics
Board, registered at ClinicalTrials.gov (NCT04550468), and conduct-
ed in accordance with the Declaration of Helsinki.

Diet intervention

Each group was provided with a menu of 8-10 breakfast recipes
designed by registered/accredited dietitians at each site to provide ~450
kcal. According to their randomization, participants were instructed to
select from a menu of LC breakfasts (~25 g protein, 8 g carbohydrates,
and 37 g fat; e.g., omelet with cheese and nonstarchy vegetables) or
CTL breakfasts (~20 g protein, 56 g carbohydrates, and 15 g fat; e.g.,
oatmeal and fruit based) each morning (Supplemental Appendix 1A
and B). No specific guidance or calorie restriction was oriented for the
other meals.

To foster adherence over the 12 wk, we provided some autonomy
and variety in the breakfast choices for each group while accounting for
cultural differences between sites. The CTL group recipes, which
reflect usual breakfasts consumed by the general population, were
compared with a LC breakfast menu. Participants were able to choose
their own breakfast options and were required to upload a photograph
of their breakfast every morning via RedCap link. Breakfasts were
reviewed by a study dietitian to confirm compliance. The conservative
approach of counting only breakfasts that were from the recipe books
(or minor variations thereof) as compliant was chosen; any missing
photographs, breakfasts outside the recipe book, or consuming <50%
of the proposed recipe were categorized as noncompliant.

Participants were also guided by a study dietitian to register three 3-
d food records (2 wk d and 1 weekend d) within wk 1, at midpoint
within wk 6 and within the last week of the intervention, wk 12, using a
diet logbook provided. Diet records were entered into nutritional
analysis software (the Food Processor, version 11.11.0, Esha Research)
to determine macronutrient and energy content.

Anthropometry

Given the remote nature of the trial conducting during the COVID-
19 pandemic, participants provided self-reported height, weight, and
waist circumference measures at the beginning and end of the trial.
They were advised to use the same scale for repeated measures and
perform the measurements fasted in the morning. Participants received
a measuring tape and printed guidelines for waist circumference self-
measurement (2022, International Chair on Cardiometabolic Risk —
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www.myhealthwaist.org) in study testing kits mailed before the start of
the study.

Blood samples

Venous blood samples were collected at baseline and after 12 wk.
For the primary outcome of HbAlc, participants were provided with
blood requisitions to a local accredited laboratory nearest to their place
of residence. At baseline, results from a recent physician-prescribed
HbAlc test (measured at an accredited laboratory) were used if the
blood sample was obtained within 1 mo from the study start date. Post
blood samples were obtained within 1 wk of completion of the 12-wk
intervention.

CGM
Participants inserted a blinded CGM device (FreeStyle Libre PRO,
Abbott Diabetes Care) into the subcutaneous adipose tissue of the upper
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arm to collect continuous (every 15 min) interstitial glucose readings
during the first and last 2 wk (14 d) of the trial. The CGM provided 24-h
data on overall glucose control through fasting glucose concentrations,
mean blood glucose concentrations, maximum and minimum glucose
concentrations, AUC, incremental AUC (iIAUC), MAGE, SD, time
below range (time <3.9 mmol/L), time above range (time >10 mmol/L)
and time in range (time between 3.9 and 10 mmol/L). The 6-h overnight
data for mean, minimum, and maximum glucose concentrations were
also explored. CGM data were downloaded via LibreView software.
Each file was separated by date, beginning at midnight, and ending at
23:59. Data sets were included in the analyses if the file contained >3
d of data and >70% of data points per day. Mean, maximum, minimum,
time in range, AUC and iAUC, SD, and MAGE values were calculated
for each usable day and then averaged for the monitoring period. AUC
and iAUC were calculated using the trapezoidal method [18] and gly-
cemic variability (SD and MAGE) were calculated using the EasyGV
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FIGURE 1. CONSORT study flow diagram. Consolidated standards of reporting trials; LC, low-carbohydrate breakfast; CTL,

breakfast; F, females; M, male.
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platform (Oxford University Innovation). Overnight (12:00-6:00)
mean, maximum, and minimum values were calculated for each usable
day and then averaged for the monitoring period. Postprandial breakfast
glucose values (2 h mean, maximum, SD, iAUC) were calculated
manually for each usable day where participants provided a breakfast
start time and then averaged for the monitoring period using GraphPad
Prism version 9.3.1 (GraphPad Software).

Questionnaires

The Godin Leisure-Time Exercise Questionnaire [19] was used to
assess self-reported leisure-time physical activity and a 100-mm visual
analog scale [20] was used to measure self-reported hunger and satiety
at wk 1, 6, and 12 of the trial. Hunger and satiety questionnaires were
sent to participants at the same time of day at each time point but given
the remote and free-living nature of the trial were not explicitly
controlled for time since the last meal. Participants’ intentions to
consume a breakfast consistent with their group assignment (that is,
low-carbohydrate or low-fat) over the following 3 mos were assessed
using a 2-item measure at baseline and on the last day of the study
intervention period. These items were developed based on Ajzen’s
recommendations for developing scales to measure the theory of
planned behavior constructs [21]. Item scores were averaged to provide
an overall intentions score, and the internal consistency was acceptable
at each administration (Cronbach’s as >.92) [22].

Statistical analyses

The sample size estimations originally revealed that » = 34 per
group would be required to detect a between—within interaction using
repeated measures ANOVA with an effect size of d = 0.4 (which
corresponds to an ANOVA effect size of Cohen’s f = 0.2) with 90%
power and 5% type 1 error with a conservative correlation among
repeated measures of » = 0.5 (calculated using G*Power v3.1.9.2). The
effect size of d = 0.4 was based on our previous short-term controlled
CGM study [15] and previous trials showing that manipulating
breakfast size can impact HbAlc [23]. To account for a 20% dropout
rate, we aimed to recruit a sample size of n = 41 per group. Sample size
was expanded and recruitment reopened after 92 participants had
originally been randomly assigned due to a higher than expected
dropout rate. These calculations and adjustments are documented in the
Statistical Analysis Plan (Supplemental Appendix 2).

The primary objective was to test the superiority of a LC breakfast
intervention compared with a CTL breakfast intervention for reducing
HbA Ic after 12 wk. Blinded data were analyzed on an intention-to-treat
basis. We used constrained baseline longitudinal [24] analysis via a
linear mixed model with fixed effects for timepoint (baseline and after
intervention), stratified allocation factor (sex), and the interaction be-
tween timepoint and dietary intervention group, and random eftects for
participants. Effect estimates with 95% CI for the between-group dif-
ferences from the model are reported as the main analyses of interest.
Effect estimates for within-group changes over time are also reported.
Statistical significance was established at an « level of 0.05. Secondary
end points were analyzed similarly. No « adjustments were applied to
secondary and exploratory outcomes.

Measures that were assessed throughout the trial but not at baseline
(e.g., CGM, dietary intake) were analyzed using a linear mixed model
with fixed effects for dietary intervention group, time, and stratified
allocation factors (sex), and a random intercept for participant. In this
case, the main effects of group with 95% CI are presented as the main
analyses of interest. Data on physical activity levels were analyzed
analogously but using a Poisson mixed model [25]. All data were
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analyzed in R (version 4.1.3 “One Push-Up”). Further information on
sample size and interim analyses are documented in the statistical
analysis plan presented in (Supplemental Appendix 2).

Results

Study flow and participants

Two-hundred forty-six participants were prescreened; 127 met all
inclusion criteria and were randomly assigned (n = 64 to LC and n =
63 to CTL breakfast groups). Following randomization, 4 participants
dropped out or could not be contacted in the LC group and 2 partici-
pants were lost in the CTL group, leaving n = 60 who commenced the
LC breakfast and n = 61 who commenced the CTL breakfast in-
terventions. Fifteen participants from the LC group and 13 from the
CTL group withdrew, dropped out or were not able to be contacted after
starting the intervention (Figure 1, CONSORT diagram). Reasons were
not related to adverse events or trial outcomes but rather to the study
being remote and affected by the COVID-19 pandemic. The partici-
pants had a mean (SD) age of 64 y (9 y), BMI of 32.3 (7.3) kg/mz,
HbAlc of 7.0 (0.7%) and 53% were women. Baseline characteristics
are presented in Table 1.

Dietary intake

Breakfast compliance was measured by the proportion of daily
breakfast photographs uploaded that followed group allocation and
recipe books while eating >50% of the meal. The LC group displayed a
median of 79 (IQR = 9) and the CTL group a median of 75 (IQR = 13)
compliant photographs out of a total of 84 breakfasts. Table 2 provides

TABLE 1
Participant baseline characteristics
Total LC CTL
N 121 60 61
Age, mean (SD), 64 (9) 65 (9) 64 (10)
y
Female, N (%) 64 (53) 29 (48) 35(57)
Male, N (%) 57 (47) 31 (52) 26 (43)
Duration of T2D, 9 (7) 10 (8) 9 (6)
mean (SD), y
HbAlc (%) 7.0 (0.7) 6.9 (0.8) 7.0 (0.7)
HbAlc (mmol/ 52 (8.1) 52 (8.4) 53 (7.9)
mol)
Weight (kg) 93.3 (22.9) 95.8 (26.3) 90.8 (18.8)
BMI (kg/m?) 32.3(7.3) 33.2 (8.2) 31.4(6.2)
Waist 110.2 (15.9) 111.0 (16.2) 109.6 (15.7)
circumference
(cm)
Glucose-lowering medication, N (%)
Metformin 67 (55) 32 (53) 35(57)
DPP-4 3(3) 2(3) 1(2)
inhibitors
GLP-1 receptor ~ 12(10) 6 (10) 6 (10)
agonists
SGLT2 20 (17) 10 (17) 10 (16)
inhibitors
Sulfonylureas 5(4) 3 (5 2 (3)
No medication 14 (12) 6 (10) 8 (13)
Country of origin, CAN AUS CAN AUS CAN AUS
N (%) 75 46 38 22 37 24
(62) (38) (63) (37) (61) (39)

Abbreviations: AUS, Australia; CAN, Canada; CTL, guideline low-fat control
breakfast; LC, low-carbohydrate breakfast.
Data presented as mean (SD).
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TABLE 2
Dietary intake across the intervention period by meal
LC (N = 60) CTL (N = 61) Difference between groups P value'

Daily total
Energy (kcal) 1701 (510) 1927 (480) —242 (—460 to —24) 0.03
Protein, g 87 (25) 81 (28) 5 (=7 to 17) 0.43
Protein, % EI 20.7 (3.6) 17.0 (4.2) 3.7 (2.0 t0 5.5) <0.001
Carbohydrates, g 150 (56) 221 (72) —73 (—101 to —44) <0.001
Carbohydrates, % EI 354 (7.2) 45.7 (8.6) —10.4 (—14.0 to —6.8) <0.001
Fat, g 84 (28) 80 (28) 3 (-9 to 16) 0.60
Fat, % EI 43.8 (6.6) 37.3(8.2) 6.6 (3.3 to 10.0) <0.001

Breakfast
Energy, kcal 421 (112) 434 (98) —14 (—62 to 35) 0.58
Protein, g 24 (6) 17 (5) 7(41t09) <0.001
Protein, % EI 23.0 (4.7) 16.1 (3.8) 7.0 (5.0 to 8.9) <0.001
Carbohydrates, g 16 (10) 60 (19) —44 (51 to —37) <0.001
Carbohydrates, % EI 16.6 (11.8) 55.2 (10.8) —38.8 (—44.0 to —33.6) <0.001
Fat, g 29 (11) 14 (7) 15 (11 to 19) <0.001
Fat, % EI 60.4 (11.9) 28.8 (11.1) 31.8 (26.5 to 37.1) <0.001

Lunch
Energy, kcal 444 (176) 510 (153) —76 (—151 to —2) <0.05
Protein, g 23 (11) 23 (9) 0(-5to5) 0.99
Protein, % EI 20.7 (5.9) 18.0 (5.6) 2.8 (0.0 to 5.5) <0.05
Carbohydrates, g 44 (15) 56 (22) —14 (=22 to —5) <0.01
Carbohydrates, % EI 42.3 (13.0) 44.4 (11.7) —2.7 (-84 10 3.0) 0.35
Fat, g 19 (11) 22 (10) —2(=7to02) 0.32
Fat, % EI 37.0 (10.9) 37.6 (9.8) —0.1 (—4.8 t0 4.7) 0.98

Dinner
Energy, kcal 727 (237) 732 (279) —7 (=129 to 115) 0.91
Protein, g 39 (15) 36 (11) 3(-3t09) 0.36
Protein, % EI 21.6 (5.1) 20.5 (4.9) 1.1 (-1.3t03.4) 0.37
Carbohydrates, g 71 (30) 70 (28) 0(—13to 14) 0.97
Carbohydrates, % EI 39.0 (8.1) 39.2 (10.8) —0.3 (—4.8t04.2) 0.90
Fat, g 32 (12) 34 (19) —2(—10to 5) 0.57
Fat, % EI 39.4 (5.8) 40.3 (9.9) —0.8 (—4.6 to 3.1) 0.69

Snacks
Energy, kcal 293 (160) 348 (236) —49 (—159 to 61) 0.38
Protein, g 7(5) 10 (7) —2(=6to 1) 0.15
Protein, % EI 9.9 (4.9) 11.9 (5.0) —1.9 (—4.6 10 0.8) 0.17
Carbohydrates, g 39 (27) 46 (34) —7 (=24 to 10) 0.39
Carbohydrates, % EI 53.4 (19.2) 54.6 (12.1) —1.9 (—10.3 to 6.5) 0.65
Fat, g 12 (7) 13 (9) —1 (=51t 3) 0.67
Fat, % EI 36.7 (17.5) 33.5 (10.6) 3.8 (—3.7t0 11.3) 0.31

Abbreviations: CTL, guideline low-fat control breakfast; LC, low-carbohydrate breakfast; EI, energy intake.
Data by group presented as mean (SD), main effect of group presented as between-group effect estimate (95% CI).
! Data analyzed via linear model with fixed effects for dietary intervention group and stratified allocation factors (sex).

average daily dietary and macronutrient intake along with energy and
macronutrient distribution for meals in the LC and CTL groups, esti-
mated from the 3 separate 3-d self-reported dietary records. Self-
reported total daily energy intake (EI) was lower in the LC compared
with the CTL breakfast group (—242 keal; 95% CI —460 to —24 kcal,
P = 0.03) but the significance of this difference is unclear given the
nature of the dietary assessments. The LC group had significantly lower
daily carbohydrate intake when compared with the CTL group (—73 g;
95% CI. —101 to —44 g; P < 0.01). There were no significant dif-
ferences in daily protein or fat intake, but rather a higher percent protein
(3.7%; 95% CI: 2.0, 5.0%; P < 0.001) and fat (6.6%; 95% CI: 3.3,
10.0; P < 0.001) ET in the LC group between the 2 groups. The findings
for the diet record data complement the breakfast photograph data
showing participant compliance in following recipes as the LC group
consumed lower carbohydrate (—44 g, 95% CI: —51, —37 g), as well as
higher protein (7 g, 95% CI: 4, 9) and fat (15 g; 95% CI: 11, 19), at the
breakfast meal when compared with the CTL group (all P < 0.01).
Interestingly, the LC group had reduced energy (—76 kcal; 95% CI:
—151, —2 keal; P < 0.05), carbohydrate (—14g; 95% CI: —22, —5¢g; P
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< 0.01) and percent of protein EI (2.8 %; 95% CI: 0.0, 5.5; P < 0.05) at
lunch when compared with the CTL group. There were no significant
differences in energy or macronutrient content in dinner and snacks
between groups.

HbAlc (primary outcome) and anthropometrics
(secondary outcomes)

Table 3 shows the results for the primary outcome (HbAlc) along
with weight, BMI, and waist circumference. HbAlc was reduced at 12
wk in the LC group (—0.3%; 95% CI: —0.4%, —0.1%), whereas the
between-group difference between the LC and CTL group did not
reach statistical significance (—0.2; 95% CI: —0.4, 0.0; P = 0.06).
There were no significant differences between the LC and CTL groups
for weight, BMI, or waist circumference. At 12-wk, 5 participants in
the LC group increased glucose-lowering medication compared with 4
in the CTL group, whereas 8 participants reduced glucose-lowering
medication in the LC group compared with 1 in the CTL group. All
others had no change in medication. Supplemental Table 1 shows
HbA Ic outcomes disaggregated by sex.
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TABLE 3
Effect estimates for 12-wk changes in HbAlc (primary outcome) and body
mass (secondary outcomes)

LC(N= CTL (N = Difference P
60) 61) between groups value'
Primary outcome
HbAlc (%) -0.3 —0.1 —0.2 (-0.4 to 0.06
(—0.4 to (0.2 to 0.0)
—0.1) 0.1)
Secondary outcomes
Weight (% -1.2 -0.9 —-03 (1.8 to 0.68
change)” (=23 to (=19 to 12)
—0.1) 0.1)
BMI (% -1.2 —1.1 —0.1 (1.6 to 0.92
change)’ (=23 to (=22 to 1.5)
—0.1) 0.0)
Waist -23 -2.7 04(-22t03.1) 0.76
circumference (—4.2 to (—4.6 to
(cm) —0.4) —0.8)

AbbreviationsLC, low-carbohydrate breakfast; CTL, guideline low-fat control
breakfast.

All data are presented as (within-group or between-group) effect estimates
(95% CI). Effect estimates are based on ITT analyses and included all par-
ticipants that had a baseline or a follow-up value.

! Data analyzed via constrained longitudinal data analysis (cCLDA) using a
linear mixed model with fixed effects for timepoints (baseline, 12 wk), the
interaction between timepoint and dietary intervention group, and stratified
allocation factors (sex), and a random effect for participant.

2 Log-transformed, interpret effect estimates as percent change.

Hunger and satiety, physical activity, and breakfast
intentions

There were no significant differences in hunger and satiety or
physical activity between the 2 groups across the intervention period

The American Journal of Clinical Nutrition 118 (2023) 209-217

(Supplemental Tables 2 and 3). There were statistically significant
interaction effects for the first item assessing intention (1.0; 95% CI:
0.2, 1.7; P = 0.01) and the overall intention score (0.9; 95% CI: 0.1,
1.6; P = 0.03), indicating a greater decline in intentions to consume a
CTL breakfast when compared with the group assigned to eat an LC
breakfast (Supplemental Table 4).

CGM

Table 4 shows the CGM data for the LC and CTL groups, and
Figure 2 shows CGM data averaged across all participants for the first
and last 14 d of the trial. Supplemental Table 5 shows CGM data
disaggregated by sex. For the 24-h CGM data, the mean glucose
concentration was significantly lower in the LC group (—0.7 mmol/L;
95% CI: —1.4, —0.1 mmol/L; P = 0.03) compared with the CTL group.
Compared with the CTL group, the LC group had reduced maximum
glucose concentration (—1.3 mmol/L; 95% CI: —2.3, —0.4 mmol/L; P
= 0.01) and reduced AUC (—1052 mmol/L; 95% CI: —1949, —155
mmol/L x 24 h; P = 0.02). The MAGE for the LC condition was
significantly lower (—0.8 mmol/L; 95% CI: —1.2, —0.3 mmol/L; P <
0.01) compared with the CTL group. The SD of blood glucose with the
LC was also significantly lower (—0.2 mmol/l; 95% CI: —0.4, —0.1
mmol/L; P = 0.01) than in the CTL, suggesting the benefits of an LC
breakfast for glycemic variability. There was a 50% (95% CI: 9%,
72%) decrease in odds of experiencing time above range (time >10
mmol/L) in the LC group compared with CTL and a 77% (95% CI:
11%, 182%) increase in odds of experiencing time in the range (time
between 3.9 and 10 mmol/L) in the LC group compared with CTL.
Fasting glucose levels, minimum glucose concentration, iAUC, and
time below range (i.e., time <3.9 mmol/L) were not significantly
different between the LC and CTL groups.

The 2-h postprandial CGM data analyzed after breakfast showed
that mean glucose was significantly lower in the LC group when

TABLE 4
Continuous glucose monitor data
First 14 d Last 14 d Main effect of group P value'
LC CTL LC CTL

24-h data
Fasting glucose (mmol/L) 6.5 (1.5) 7.0 (1.9) 6.5 (1.5) 6.8 (1.7) —0.5(-1.2100.2) 0.15
Mean glucose (mmol/L) 7.0 (1.3) 7.6 (1.9) 7.0 (1.3) 7.6 (1.7) —0.7 (1.4 to —0.1) 0.03
Max glucose (mmol/L) 10.8 (2.1) 12.1 (2.5) 10.8 (2.1) 11.8 (2.2) —1.3 (=23 to —0.4) 0.01
Min glucose (mmol/L) 4.5 (1.0) 4.8 (1.4) 4.6 (1.1) 4.8 (1.3) —0.4 (0.9 t0 0.1) 0.15
AUC (mmol/L x 24 h) 9884 (1807) 10870 (2650) 9958 (1836) 10752 (2354) —1052 (—1949 to —155) 0.02
iAUC (mmol/L x 24 h) 682 (402) 833 (380) 716 (461) 865 (399) —160 (=324 to 4) 0.06
MAGE (mmol/L) 2.2 (1.2) 2.9 (1.4) 2.2 (1.1) 2.5 (0.8) 0.8 (—1.2 to —0.3) 0.002
SD (mmol/L) 0.9 (0.4) 1.1 (0.4) 0.9 (0.4) 1.0 (0.3) —0.2 (0.4 to —0.1) 0.009
Time <3.9 mmol/L> 0.03 (0.04) 0.03 (0.04) 0.04 (0.08) 0.02 (0.04) 27 (=54 to 271) 0.64
Time >10 mmol/L’ 0.09 (0.10) 0.18 (0.23) 0.10 (0.13) 0.16 (0.20) —50 (=72 to —9) 0.02
TIR? 0.89 (0.10) 0.80 (0.22) 0.86 (0.14) 0.82 (0.19) 77 (11 to 182) 0.02
2-h breakfast postprandial data
Mean glucose (mmol/L) 7.1 (L.1) 9.2 (2.1) 72 (1.5) 8.9 (2.1) —22(=3.01t0 —1.4) <0.001
SD (mmol/L) 0.4 (0.2) 0.9 (0.5) 0.4 (0.3) 0.9 (0.5) —0.5 (0.7 to —0.3) <0.001
Max glucose (mmol/L) 7.9 (1.4) 10.7 (2.4) 8.1 (1.8) 10.4 (2.4) 2.9 (=3.8 to —2.0) <0.001
iAUC (mmol/L x 2 h) 53 (33) 127 (50) 54 (37) 117 (50) —74 (=93 to —55) <0.001

AbbreviationsCTL, guideline low-fat control breakfast group; iAUC, incremental area under the curve; LC, low-carbohydrate breakfast group, MAGE, mean

amplitude of glycemic excursions; TIR, time between 3.9 and 10 mmol/L.

Data by group are presented as mean (SD), main effect of group is presented as effect estimates (95% CI).

! Data analyzed via linear mixed model with fixed effects for timepoints (first compared with last 14 d), dietary intervention group, the interaction between
timepoint and dietary intervention group, and stratified allocation factors (sex), and a random effect for participant.

2 Data were converted to and are presented as proportion of time in range and analyzed via mixed effects binomial. Interpret effect estimates as % change in

odds.

3 Data were converted to and are presented as proportion of time in range and analyzed via mixed effects beta model. Interpret effect estimates as % change in

odds.
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compared with the CTL group (—2.2 mmol/L; 95% CI: —3.0, —1.4
mmol/L; P < 0.01). The same was observed for SD (—0.5 mmol/L;
95% CI: —0.7, —0.3 mmol/L; P < 0.01), maximum glucose (—2.9
mmol/L; 95% CI. —3.8, —2.0 mmol/L; P < 0.01) and iAUC (—74
mmol/L; 95% CI: =93, —55 mmol/L x 2 h; P < 0.01). There were no
significant differences between the groups in the overnight CGM data
(Supplemental Table 6).

Discussion

The primary aim of this RCT was to examine if advice and guidance
to consume a LC breakfast could improve glycemic control compared
with a guideline-based low-fat breakfast. We also explored compliance
to this relatively simple dietary change over 3 mos in free-living
conditions and assessed CGM outcomes, self-reported dietary intake,
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FIGURE 2. Continuous glucose monitor data. Continuous glucose moni-
toring (CGM) (mean =+ SD for n = 76) during the first 14-d CGM period (A)
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and cardiometabolic health markers. The findings revealed that despite
being conducted remotely and with minimum supervision, high
compliance to the breakfast interventions could be achieved, demon-
strating high feasibility and acceptability of the LC breakfast over 3
mo. There was reduction in HbAlc over time in the LC group, and
although the between-group difference in HbAlc at 3 mo was not
statistically significant (P = 0.06), there were consistent and statisti-
cally significant differences between the LC and CTL breakfast groups
in CGM variables assessed over 2 14-d periods at the start and end of
the intervention.

Extensive research supports the carbohydrate restriction for
improving glycemic control in people with T2D [26-28]. Although the
primary outcome of HbAlc was not significantly different between
groups (P = 0.06), many CGM metrics were better in the LC group
compared with the CTL group across both 14-d monitoring periods.
These metrics are more sensitive to detecting differences in post-
prandial hyperglycemia, and we speculate that a longer (or more
controlled) intervention might be needed to see the corresponding
significant reductions in HbAlc, which showed a clear trend to be
reduced in the LC compared with CTL group. Mealtime hyperglycemia
is the predominant factor associated with an increased risk of cardio-
vascular morbidity and mortality [29], and strategies to minimize
postprandial glucose concentrations are important for reducing com-
plications of diabetes [29,30]. Our findings indicate that consuming a
LC breakfast can improve CGM-derived indices of overall and post-
prandial glucose control and highlight CGM as a useful tool to assess
the impact of a dietary intervention on glycemic control in T2D.

Adherence to LC diets may be challenging when carbohydrate intake
is severely restricted, whereas more moderate restrictions appear easier to
comply with [31]. Our results demonstrate high compliance to the LC
breakfast recipes over 12 wk (79 [IQR = 9] out of 84 breakfasts). It seems
reasonable to assume that manipulating the carbohydrate content of one
meal could generate higher adherence than at all meals. Consuming lower
amounts of carbohydrates in the morning also aligns with diurnal varia-
tions in glucose tolerance for people with T2D, who experience the worst
glucose tolerance in the morning and see improvements in glucose
tolerance across the daytime [12]. Although intentions to adhere to the
study breakfasts declined in both groups over time, this decline was
mitigated in the LC group compared with the CTL group. In fact, it has
been shown that there is stronger intentional control for restricted dietary
patterns than there is for general healthy eating advice [32]. These find-
ings support the idea that following an LC breakfast could be an
achievable dietary intervention, aligned with daytime glucose tolerance
rhythms, for people living with T2D.

The diet records showed that carbohydrate, fat, and protein intake
for breakfast were significantly different between the LC and CTL
groups, supporting successful manipulation of breakfast macronutrient
contents. Additionally, participants from the LC group had reduced
energy, carbohydrate, and protein %EI at lunch. The reduction in self-
reported total EI could be a result of measurement error because self-
reported EI is known to be unreliable [33] and accurate assessment
of small-scale changes in EI or expenditure was beyond the scope of
this trial. Therefore, the significance of these findings is unclear —
particularly in the context of a short-term trial, in which corresponding
changes in body mass would be challenging to assess. Nevertheless, it
has been demonstrated that eating in the morning is particularly sati-
ating and associated with lower total EI across the day [34], specifically
with the consumption of foods high in fat content while low in car-
bohydrates [35]. This is particularly important for people with T2D
because their highest glucose concentrations are usually seen in the
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mornings. In fact, Han et al. [36] found that higher EI from fat and
protein at dinner rather than breakfast was associated with diabetes,
CVD, and all-cause mortality. The typical LC breakfasts consumed in
this trial were higher in protein and fat and lower in processed food and
refined carbohydrates when compared with the low-fat CTL breakfasts.
It is known that the protein and fat content of breakfast could suppress
breakfast postprandial glucose levels [37,38]. We showed that post-
prandial mean glucose after breakfast was significantly lower in the LC
group when compared with the CTL group, which could be due not
only to the LC per se but also the higher fat or protein content. Our
results may give people living with T2D a simpler alternative to
lowering the overall amount of energy and carbohydrates in their diets
[39] as presumably it would be easier to lower the carbohydrate content
of the breakfast meal than all meals simultaneously.

Previous studies have examined the relationship between post-
prandial glucose, macronutrient intake, and self-reported feelings of
hunger and satiety following meals. Flint et al. [40] found that post-
prandial glucose concentration was unrelated to self-reported hunger
and appetite, although it was positively associated with EI at the next
meal. Ruddick-Collins et al. [32] also support the idea that a breakfast
load generates greater satiety and may contribute to reduce calorie
intake later in the d, and weight loss when compared with dinner. We
previously saw lower hunger and greater satiety later in the day when
people with T2D consumed an LC breakfast [15]. In the present study,
there was no significant effect on hunger and satiety but a reduction in
self-reported daily EI in the LC group, although weight loss was not
detected. However, it is known that LC diets may provide benefit in the
absence of weight loss [41,42], and our data support this notion of
overall better glycemic control assessed by CGM with a LC breakfast
despite no change in body mass or waist circumference. Weight loss or
body composition changes may require longer or stricter interventions
to generate a greater reduction in EIL

The COVID-19 pandemic imposed challenges to this trial (e.g.,
ethics approval received in December 2019 with in-person visits
planned for the original study). Because of the public health guidelines
(e.g., social distancing and limiting of social gathering) and university
research curtailments, adaptations to the protocol were required. The
study was adapted to be conducted remotely, enabling recruitment from
multiple locations rather than being restricted to local participants.
Although this likely includes a more diverse sample and increases the
generalizability of the findings, it means that diet and anthropometric
data are based on self-report, which has inherent limitations and that the
dropout rate was higher than what was anticipated. Although breakfast
was captured with photographs to assess compliance, the remaining
daily meals were analyzed from self-reported data and therefore could
be subject to known reporting inaccuracies [33,43]. In line with best
practices [44], we report data disaggregated by sex as Supplemental
Tables but the trial was not powered to detect sex or gender differences
between groups and across time.

In conclusion, advice and guidance to consume a LC breakfast
appears to be a simple dietary strategy that can be adhered to over 12
wk and results in better measures of glycemic control assessed by CGM
when compared with a low-fat breakfast. The LC breakfast lowered
HbAlc over time, but the effect was not statistically significant be-
tween groups in the context of this free-living remote trial. Consuming
a LC breakfast also appeared to reduce overall energy and carbohydrate
intake when compared with a traditional low-fat breakfast in adults
living with T2D. Future studies that manipulate the macronutrient
composition of meals are warranted and may consider CGM metrics as
more informative than HbAlc as the primary outcome(s). This trial
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provides evidence that advice to consume a LC breakfast could be a
simple, feasible, and effective approach to manage postprandial hy-
perglycemia and lower glycemic variability in people living with T2D.
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