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ABSTRACT

Objectives The management of patients with long-
standing type 2 diabetes and obesity receiving insulin
therapy (IT) is a substantial clinical challenge. Our
objective was to examine the effect of a low-energy total
diet replacement (TDR) intervention versus standardized
dietetic care in patients with long-standing type 2 diabetes
and obesity receiving IT.

Research design and methods In a prospective
randomized controlled trial, 90 participants with type 2
diabetes and obesity receiving IT were assigned to either a
low-energy TDR (intervention) or standardized dietetic care
(control) in an outpatient setting. The primary outcome
was weight loss at 12 months with secondary outcomes
including glycemic control, insulin burden and quality of
life (QoL).

Results Mean weight loss at 12 months was 9.8 kg (SD
4.9) in the intervention and 5.6 kg (SD 6.1) in the control
group (adjusted mean difference —4.3kg, 95% Cl —6.3

t0 2.3, p<0.001). IT was discontinued in 39.4% of the
intervention group compared with 5.6% of the control
group among completers. Insulin requirements fell by
47.3 units (SD 36.4) in the intervention compared with
33.3 units (SD 52.9) in the control (—18.6 units, 95% Cl
—29.2 t0 -7.9, p=0.001). Glycated Hemoglobin (HbA1c)
fell significantly in the intervention group (4.7 mmol/mol;
p=0.02). QoL improved in the intervention group of 11.1
points (SD 21.8) compared with 0.71 points (SD 19.4) in
the control (8.6 points, 95% Cl 2.0 to 15.2, p=0.01).
Conclusions Patients with advanced type 2 diabetes and
obesity receiving IT achieved greater weight loss using a
TDR intervention while also reducing or stopping IT and
improving glycemic control and QoL. The TDR approach is
a safe treatment option in this challenging patient group
but requires maintenance support for long-term success.
Trial registration number ISRCTN21335883.

INTRODUCTION

Type 2 diabetes mellitus is perceived as a
progressive disease with continuous pancre-
atic beta-cell dysfunction necessitating insulin

Significance of this study

What is already known about this subject?

» The management of patients with obesity and type 2
diabetes treated with insulin is clinically challenging
because while insulin treatment improves glycemic
control, it exacerbates excess body weight and is
associated with reduced quality of life.

» The Diabetes in Remission Clinical Trial showed that
a total diet replacement program using a formu-
la low-energy diet results in diabetes remission in
about half of those recently diagnosed with type 2
diabetes. The Doctor Referral of Overweight People
to Low Energy Total Diet Replacement Treatment
trial further demonstrated the successful implemen-
tation of total diet replacement program in primary
care. No randomized controlled trial, however, has
examined the use of a formula low-energy diet total
diet replacement program in those with low-energy
diet concurrently treated with insulin.

What are the new findings?

» Our study demonstrates the effectiveness and safety
of a low-energy diet total diet replacement program
intervention in those with long-standing type 2 dia-
betes and obesity treated with insulin.

» The total diet replacement program intervention
resulted in a significant reduction in body weight
compared with standardized dietetic care (9.8 kg vs
5.6 kg, respectively) and insulin burden (39.4% vs
5.6% stopping insulin therapy) and improved quality
of life at 12 months.

How might these results change the focus of

research or clinical practice?

» These results change the focus of clinical practice
by demonstrating that low-energy formula diets are
an effective clinical option in the management of
patients with long-standing type 2 diabetes treated
with insulin.
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disease (CVD) morbidity and mortality.' > * IT
is associated with adverse outcomes including
weight gain, hypoglycemia, and reduced
quality of life (QoL).”

therapy (IT) within 10 to 12 years of diag-
nosis.' * IT improves glycemic control and
reduces microvascular complications, but
does not significantly benefit cardiovascular
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Bariatric surgery results in significant IT reduction in
patients with type 2 diabetes and obesity with approximately
90% discontinuing IT at 5years.® Energy restriction is a key
mechanism for the beneficial metabolic effects of bariatric
surgery.” Bariatric surgery, however, is not appropriate
or acceptable for all patients, has a number of complica-
tions, and economic constraints limit its availability. Unlike
bariatric surgery, traditional dietary interventions do not
achieve long-term reduction in IT therapy burden.®”

Total diet replacement (TDR) using a formula low-
energy diet (LED) program, to replicate the energy deficit
and weight loss through bariatric surgery, promotes type 2
diabetes remission in those recently diagnosed with type 2
diabetes.'"” Few studies, however, have rigorously examined
the use of a formula LED TDR in those with long-standing
type 2 diabetes receiving IT, limiting their value to inform
clinical guidelines and practice."™* Therefore, we under-
took a randomized clinical trial comparing the impact of a
TDR intervention including a formula LED, behavior modi-
fication and physical activity, with standardized dietetic
care on weight loss, insulin burden and glycemic control in
patients with type 2 diabetes and obesity receiving IT.

METHODS

Study design and participants

We conducted a prospective, parallel-group, non-blinded
randomized clinical trial in two hospitals in London, UK
(Imperial College Healthcare National Health Service
(NHS) Trust and Guy’s and St Thomas’ NHS Foundation
Trust). Participants with type 2 diabetes and obesity treated
with IT were identified and recruited from UK primary
and secondary care. Participants had type 2 diabetes,
were treated with insulin, had a body mass index (BMI)
of >30kg/m?, were aged 18-70 years and provided written
informed consent. Key exclusion criteria included being
on IT for >10 years with a fasting circulating C-peptide of
less than 600 pmol/L, type 1 diabetes, significant diabetes
microvascular complications, estimated glomerular filtra-
tion rate of less than 30mL/min/1.783m? and clinically
diagnosed with binge eating disorder. The supplemen-
tary appendix has details on full eligibility and withdrawal
criteria and recruitment methods.

Randomization and masking

Randomization was performed using an online software
tool (Sealed Envelope) to either the intervention or
control group in a 1:1 ratio using computer-generated
random numbers. To ensure group balance (age, gender,
ethnicity, diabetes duration) minimization was used."” A
30% chance of simple random allocation was included.'®
Due to the nature of the interventions participants could
not be blinded so were aware of the group allocation;
however, the study statistician (OO) was blinded to alloca-
tion for analysis.

Dietary interventions
At randomization, participants commenced a 12-week
TDR formula LED (Cambridge Weight Plan, Northants,

UK) followed by 12 weeks of structured food reintroduc-
tion and then ongoing follow-up in combination with an
energy deficit diet at 3-month intervals until 12 months.
For the first 12weeks, all meals were replaced with four
formula LED products per day (800-820 kcal/day, 57%
carbohydrate, 14% fat, 26% protein and 3% fiber) in
addition to at least 2.25 liters of energy-free beverages.
A fiber supplement was recommended, if required, to
avoid constipation, a common side effect of using a TDR.

Standardized dietetic care

Participants followed a standardized weight management
program using a 600 kcal deficit diet for 12 months,
aiming for weight loss of 0.5-1.0kg/week, based on
current national guidelines.17 This was based on total
energy expenditure estimated from their basal metabolic
rate using the Mifflin StJeor equation'® and physical
activity levels (online supplementary figure S1).

Subject counseling support

Both groups were seen by the same specialist dietician
after 1week and then monthly for the first 6 months
(eight face-to-face sessions of 30-60min), in addition to
seven telephone consultations of 15-20 min in between.
The maintenance phase matched standard type 2 diabetes
healthcare provision with two face-to-face sessions from 6
to 12 months. Participants received behavioral support
to aid lifestyle adherence and maintenance'® * and
were encouraged to undertake moderate exercise, as
per guidelines, of at least 30 minutes, 5days per week
including both aerobic and resistance exercise.'” Qol.
was measured using EuroQol-5 Dimension. Participants
in both groups received concomitant standard diabetes
care based on UK national guidelines.”!

Insulin titration

Insulin was titrated by algorithm to ensure glycemic
control and safety. At randomization, insulin dose was
reduced by 50% in the intervention group and 30%
in the control group. Further adjustments were made
according to glycemic control, intervention allocation
and non-insulin medications. Participants were advised
to perform home capillary blood glucose monitoring
(4-6 times/day) to inform insulin titration. If hypo/
hyperglycemia occurred, insulin was adjusted to maintain
glycemic targets (online supplementary figure S2). At the
start of both the intervention and control, glucagon-like
peptide-1 (GLP-1) receptor agonists and sodium-glucose
cotransporter-2 (SGLI-2) inhibitors were stopped as
these had the potential to impact on body weight, which
was the primary outcome.

Procedures

Data were collected at baseline, 3, 6 and 12 months.
Anthropometric measurements were made with partici-
pants barefoot wearing light clothing. Weight and body
composition (using bioelectrical impedance) were
measured to the nearest 0.1kg following a 12-hour
overnight fast (MC-780MAP, Tanita UK, Middlesex,
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UK). Height was measured to the nearest 0.1 cm in the
morning of screening, using a stadiometer (Invicta Plas-
tics, Leicester, UK). Hip and waist circumference was
measured to the nearest 0.1 cm using a fiberglass tape.

Mixed meal tolerance tests (MMTT) were undertaken
at baseline, 3 and 12 months. Following an overnight fast,
a cannula was inserted into the subject’s forearm vein
and fasted samples taken. A standardized liquid supple-
ment was given (Ensure Plus, Abbott, UK; 330 calories:
54% carbohydrate, 17% protein, and 29% fat) and timed
blood samples collected (15, 30, 45, 60, 90, 120, 150,
180, 210 min after test meal). Appetite and hunger were
assessed at each time point using a 100 mm visual analog
scale, but are not reported.” Fasting and postprandial
plasma glucose, insulin and total GLP-1 were measured
(see online supplementary appendix).

Study outcomes

The primary outcome was weight loss at 12 months.
Prespecified secondary outcomes included insulin usage,
HbAlc, fasting plasma glucose, fasting plasma C-peptide,
hormonal responses during the MMTT, serum lipids,
blood pressure, body composition, and QoL. Post hoc
outcomes examined differences between participants in
the intervention group who discontinued IT and those
who did not. Adverse events (AE) were monitored during
the initial TDR and food reintroduction phase.

Statistical analysis

The primary outcome was body weight loss at 12 months.
Primary analysis used repeated measures analysis of
covariance using a mixed model taking account of the
within-subject variability, using weight measurements at
all postrandomization time points and adjusting for base-
line weight, randomization factors, HbAlc and number
of medications. The adjusted mean group differences for
baseline and each time point with 95% CIs were calcu-
lated. Both the crude unadjusted and adjusted estimates
are presented, but the primary inference was based on the
adjusted analysis. Area under the curve (AUC) was calcu-
lated using the trapezoidal rule. Secondary outcomes
were analyzed using similar methods. Difference in hypo-
glycemia frequency between groups used mixed-effects
Poisson regression with incidence rate ratio presented.
All analyses were according to intention-to-treat prin-
ciple. The impact of non-response and missing data at
12 months’ follow-up was examined in sensitivity anal-
yses (online supplementary table S1). Details of dealing
with missing data are found in the online supplementary
appendix. Demographic factors and clinical character-
istics were summarized with counts (percentages) for
categorical variables, mean (SD) for normally distributed
continuous variables, or median (IQR or entire range)
for other continuous variables.

The sample size calculation indicated that 37 partici-
pants per group would provide 80% power to detect a
10kg weight loss difference between groups (SD 15kg)
at a 5% significance level.”” Published mean attrition

while following a very-low-energy diet (VLED) and LED is
0%-52%.%* Accounting for an approximate 20% dropout,
a total of 90 participants (45 per arm) were recruited.

The analysis plan did not correct for multiple compari-
sons for tests of secondary outcomes. Results are reported
as point estimates and 95% CIs. The CI widths were not
adjusted for multiple comparisons, so intervals cannot
infer definitive treatment effects. Statistical analyses were
performed using Stata SE V.15.0 (StataCorp, College
Station, TX). Statistical significance was defined as a two-
sided p value <0.05.

RESULTS

Between 4 November 2014 and 19 June 2017, ninety
participants were randomly assigned to the treatment
groups (intervention, n=45; control, n=45; online supple-
mentary figure S3). Follow-up ended on 29 May 2018. At
baseline, participants in the study groups were matched
for demographic, anthropometric and clinical character-
istics (table 1). Overall, 21 (23.3%) participants were lost
to follow-up or had withdrawn at 12 months, with 12/45
(26.7%) participants in the intervention group and 9/45
(20%) participants in the control group with no obvious
differences in withdrawal reason between groups (online
supplementary figure S3).

Primary outcome

The mean reduction in body weight at 12 months was
9.8kg (SD 4.9; 9.7% (SD 4.8) of initial weight) in the
intervention group and 5.6kg (SD 6.1; 5.8% (SD 6.5) of
initial weight) (table 2) in the control group (adjusted
difference -4.3kg, 95%CI -6.3 to -2.3; p<0.0001;
figure 1A). During the 12-week TDR LED phase, body
weight in the intervention group reduced by 13.3kg (SD
6.8) compared with 4.5kg (SD 4.0) for the control group
(p<0.0001), which continued to reduce during the food
reintroduction phase to 14.1kg (SD 6.9) vs 6.1kg (SD
5.2), respectively. During subsequent 6 months, both
groups regained weight (intervention 4.3kg; control
0.5kg; p<0.001). This did not change after sensitivity
analysis (online supplementary table S1).

At 12 months, weight loss of 25% of body weight
occurred in 26 of 33 (79%) participants in the interven-
tion group compared with 17 of 36 (47%) in the control
group (OR 4.15,95% CI 1.43 to 11.99). Weight loss 210%
occurred in 16 of 33 (48%) in the intervention group
compared with 7 of 26 (19%) in the control group (OR
3.90, 95% CI 1.34 to 11.38; figure 1B).

Secondary outcomes

At baseline, all participants were taking insulin for a
median of 4.0 years (IQR 2, 7.25). At 12 months, 13 of
33 (39.4%) participants in the intervention group had
discontinued insulin compared with 2 of 36 (5.6%) in
the control group (p<0.001). At 12 months, there was
a reduction in daily total insulin dose, reducing by 47.3
units (SD 36.4) (26.6 units/day (SD 27.2)) in the inter-
vention group and 33.3 units (SD 52.9) (52.4 units/day
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Table 1 Baseline characteristics of the patient population

Characteristics Intervention (n=45) Control (n=45)
Age at randomization, median (IQR) 58.5 (50.1-64.2) 56.1 (51.0-64.5)
Sex, n (%)

Male 20 (44.4) 19 (42.2)

Female 25 (55.6) 26 (57.8)
Ethnicity, n (%)

Caucasian 26 (57.8) 27 (60.0)

Mixed 1(2.2 12.2)

Asian 4 (8.9 7 (15.6)

Black 14 (1.1) 10 (22.2)
Weight (kg), mean (SD) 104.0 (20.2) 103.1 (18.9)
Body mass index (kg/m?), mean (SD) 36.6 (5.1) 36.8 (5.3)
Waist circumference (cm), mean (SD) 120.3 (12.7) 121.5 (12.4)
Hip circumference (cm), mean (SD) 120.7 (12.1) 122.0 (13.2)
Waist-to-hip ratio, mean (SD) 1.00 (0.06) 1.00 (0.06)
Body fat (%), mean (SD) 40.4 (8.0) 40.4 (7.4)
HbA1c (%), mean (SD) 8.7 (1.7) 9.3(1.7)
Duration of diabetes, median (IQR) 13.0 (9.0-20.0) 12.0 (6.0-18.0)
HbA1c (mmol/mol) 72.2 (19.0) 78.4 (18.7)
Fasting glucose (mmol/L) 10.10 (3.76) 10.61 (3.02)
Insulin (U), median (IQR) 73.1(41.3) 79.4 (70)
Insulin (U/kg), median (IQR) 0.72 (0.42) 0.75 (0.51)
Duration of insulin, median (IQR) 4.0(2.0t0 6.2 4 (2.5 10 8.0)
Other medications, n (%)

Metformin 37 (82.2) 42 (93.3)

SuU 10 (22.2) 16 (35.6)

GLP-1 14 (31.1) 3(6.7)

Dipeptidyl peptidase IV inhibitors 5(11.1) 7 (15.6)

SGLT-2 inhibitors 7 (15.6) 4 (8.9

Thiazolidinediones 0 (0) 1.2
Oral antidiabetic medications, n 2.62 (0.94) 2.6 (0.83)
Blood pressure (mm Hg), mean (SD)

Systolic 131.5 (16.1) 132.2 (17.6)
Diastolic 73.2(9.1) 74.0 (12.7)
HDL cholesterol (mmol/L) 1.09 (0.30) 1.14 (0.35)
Triglycerides (mmol/L) 2.01 (2.14) 1.78 (1.41)

Hypertension, n (%) 32 (80.0) 35 (77.8)
CHD, n (%) 9 (22.5) 12 (26.7)
Smoking, n (%) 8(17.8) 7 (15.6)
Statins, n (%) 40 (88.9) 41 (91.1)
Retinopathy, n (%) 19 (42.2) 16 (35.6)
Nephropathy, n (%) 6 (13.3) 12 (26.7)
Neuropathy, n (%) 10 (25.0) 17 (40.0)
Estimated glomerular filtration rate (mL/min/1.73m?) 75.4 (17.1) 76.9 (21.4)
Quality of life (mm) 68.1 (19.9) 62.7 (19.4)

Data presented as mean (SD), n (%) or median (IQR) unless otherwise specified.

No significant difference between groups in any characteristics.

Nephropathy defined as having estimated glomerular filtration rate (€GFR) <60 mL/min/1.73m?>.

CHD, Coronary Heart Disease; GLP-1, glucagon-like peptide-1 agonist; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; SGLT-2,
sodium-glucose cotransporter-2 inhibitor; SU, sulfonylurea.
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Table 2 Body weight, HbA1c and insulin usage outcomes

Intervention effect

Intervention Control Estimate (95% Cl) P value

Weight (kg)

Baseline 104.0+£20.2 103.1£18.9

Mean change at 12 months -9.8+4.9 -5.6+6.1 -4.3 (-6.3t0 —-2.3) <0.001
HbA1c (%)

Baseline 8.75+1.74 9.32+1.71

Mean change at 12 months -0.43+1.01 -0.09+1.64 -0.56 (-1.17 to 0.05) 0.07
HbA1c (mmol/mol)

Baseline 72.2+19.0 78.4+18.7

Mean change at 12 months —-4.7+11.1 -1.0+17.9 -6.1 (-12.8 to 0.5) 0.07
Insulin dose (U)

Baseline 73.1+41.3 79.4+61.0

Mean change at 12 months -47.3+36.4 -33.3£52.9 -18.6 (-29.2 to -7.9) 0.001
Insulin dose (U/kg)

Baseline 0.72+0.42 0.75+0.51

Mean change at 12 months —-0.45+0.36 -0.29+0.50 —-0.16 (-0.26 to —0.06) 0.002
Stopping insulin (n/(%))

Baseline 45 (100) 45 (100) —

Change at 12 months 13 (29) 3(7) - 0.001

Data presented as mean=SD.

Nephropathy defined as having estimated glomerular filtration rate (eGFR) <60 mL/min/1.73m?.

HbA1c, glycated hemoglobin.

(SD 41.6)) in the control group. The adjusted differ-
ence between the groups was —18.6 units (95% CI -29.2
to —7.9; p=0.001; figure 2A). At 12 months, participants
in the intervention group were using significantly less
sulfonylureas (SU) compared with the control (12.1% vs
33.3%, respectively, p=0.04, online supplementary table
S2). Both metformin and gliptin usage was not signifi-
cantly different between intervention and control groups
at 12 months (metformin 78% vs 94.4%, p=0.054; gliptins
9.1% vs 19.4%, p=0.222) (table 2).

At 12 months, mean HbAlc fell by 0.43% (SD 1.01)
(4.7mmol/mol (SD 11.1)) in the intervention group
and by 0.09% (SD 1.64) (1.0mmol/mol (SD 17.9)) in
the control group with an adjusted difference of -0.56%
(95%CI -1.17 to 0.04; p=0.07) or -6.2mmol/mol
(95% CI -12.8 to 0.5; p=0.07; figure 2B). At 12 months,
mean fasting plasma glucose was 8.7mmol/L (SD 2.8) in
the intervention and 10.7 mmol/L (SD 3.8) in the control
group (-1.8mmol/L, 95% CI -3.1 to —0.4; p=0.01; online
supplementary figure S4A). The postprandial glucose
response following the MMTT at 12 months was lower
in the intervention 60-210min following the test meal
(figure 2C), with the glucose AUC,  also reflecting this
with a significant adjusted difference of -2.12mmol/L/
min (95% CI -3.51 to -0.73; p=0.003; online supplemen-
tary figure S4B).

At 12 months, there was no difference in fasting and
postprandial levels of C-peptide, or GLP-1 between the

two groups (online supplementary table S4, figure S4C,D,
respectively). At 6 months, the mean adjusted fasting
C-peptide was lower in the intervention group than the
control group (531.4pmol/L vs 805.5pmol/L, respec-
tively) , with a between-group difference of -274.1 pmol/L
(95% CI -384.9 to —163.3; p=0.001).

The weight loss observed appeared to be mainly due to
fat mass (FM) loss. FM loss was greater than lean mass in
both groups (online supplementary figure S5A,B, respec-
tively). FM loss in the intervention group was 7.0kg (SD
4.3) compared with 4.3kg (SD 4.4) in the control group
(adjusted difference -2.4, 95% CI —4.1 to —0.7; p=0.006).
Mean waist circumference reduced by 9.9cm (SD 1.1)
in the intervention group compared with 4.6cm (SD
1.2) within the control group (adjusted difference 4.8,
95% CI -7.4 to -2.2; p<0.0001; figure 1C). At 12 months,
reductions in anthropometric measurements from base-
line including BMI and waist-to-hip ratio were greater
with the TDR lifestyle intervention (online supplemen-
tary table S3).

At 12 months, CVD risk factors (low-density lipopro-
tein cholesterol, high-density lipoprotein cholesterol,
triglycerides, systolic and diastolic blood pressure) did
not differ between groups (online supplementary table
S6). The between-group difference in CVD risk factors
diminished over time (online supplementary table S6).
The use of antihypertensive drugs and HMG-CoA reduc-
tase inhibitors was similar between the groups at baseline.
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the control group (adjusted difference 8.6, 95% CI 2.0 to
15.2; p=0.01; online supplementary figure S6).

Post hoc outcomes

Those who discontinued IT in the intervention group
lost more weight than those who did not (12.2kg (SD
4.1) vs 8.3kg (SD 4.0); p=0.02). Furthermore, they had
lower baseline HbAlc (7.9% (SD 0.8) vs 8.9% (SD 1.6))
(62.4mmol/mol (SD 8.8) vs 74.4mmol/mol (SD 17.7);
p=0.03), lower baseline insulin dosage (43.7 units (SD
22.9) vs 93.4 units (SD 42.4); p<0.0001) and were mostly
male (77% vs 30%; p=0.008, online supplementary table
S5). There was a marked increase in 30min postpran-
dial increment in plasma C-peptide (30min fasting)
compared with baseline by 283.8pmol/L (95% CI
137.2 to 430.4; p=0.001), despite no change in AUC
C-peptide.

0-210

Adverse events

Both groups reported easily managed mild or moderate
adverse events (AEs) (online supplementary table S8).
There was no significant difference in hypoglycemia
between groups (adjusted incidence rate ratio 0.55,
95% CI 0.25 to 1.25; p=0.15), nor was there any difference
observed during the TDR LED phase (online supple-
mentary table S7). No hypoglycemia required assistance.
The most frequent AEs in the intervention group were
constipation (n=26), sensitivity to cold (n=23), flatulence
(n=21), diarrhea (n=19) and dizziness (n=17).

Fourteen serious adverse events (SAE) occurred (nine
control group and five intervention group). Only one
SAE (an episode of postural hypotension) was thought to
be intervention related. No deaths occurred during the
study.

DISCUSSION

This is the first randomized clinical trial to demonstrate
that a low-energy TDR-based lifestyle intervention safely
induces weight loss, reduces insulin requirements, and
improves QoL specifically in participants with long-
standing type 2 diabetes and obesity receiving IT.

Traditionally, weight loss in those with type 2 diabetes
has been considered to be challenging, with lower weight
loss in patients on IT than those not on IT.* In a review of
weight loss interventions in non-IT participants with type
2 diabetes, 12-month pooled weight loss was 2.4-8.0kg,
while in the intensive lifestyle intervention arm of the Look
AHEAD study, those on IT achieved a mean weight loss of
7.6%.® Contrary to these findings, the weight loss achieved
in the intervention group in our study (9.8kg) was consid-
erably greater and appeared to be mainly from FM.

In previous studies, patients with and without type 2
diabetes on a formula TDR LED program lost weight of
10.0-10.7kg at 12 months, almost identical to our study,
despite our participants being on IT."” * Furthermore,
a larger proportion of participants in the intervention
group achieved 5% and 10% weight loss with approx-
imately a quadrupling of odds in achieving both these

targets compared with the control group. Therefore,
the TDR intervention provided an effective weight loss
treatment in those with long-standing type 2 diabetes and
obesity taking I'T.

Postprandial glucose clearance after MMTT, particu-
larly after 60 min, and fasting plasma glucose had greater
improvement with the TDR intervention at 12 months,
indicating enhanced insulin sensitivity, both peripherally
and hepatically (figure 2C and online supplementary
table S4). Unlike patients with shorter duration type 2
diabetes where weight loss is associated with decreases in
fasting plasma insulin,?® we found no overall difference
in fasting or postprandial plasma C-peptide or circulating
GLP-1 at 12 months. In agreement with our findings,
improvements in peripheral and hepatic insulin sensi-
tivity have been observed previously following a VLED in
those with type 2 diabetes who recently ceased IT."*

Although first phase insulin release was not formally
measured, those who discontinued insulin had an early,
0-30min (AC,)), increase in postprandial C-peptide
secretion, suggesting improved beta-cell function. This
implies that the natural history of type 2 diabetes is more
amenable to metabolic modification than expected,
despite long-standing disease, and would benefit from
formal measurement using gold standard, euglycemic
hyperinsulinemic clamp.

There was a marked improvement in insulin usage and
glycemic control by 12 months in the intervention group.
Despite participants having type 2 diabetes for on average
of 13 years, the average insulin usage in the intervention
group fell to 27 units/day, with 39.4% of participants
stopping insulin completely, compared with the control
group who took 52 units/day, with only 5.6% stopping
insulin. Reducing insulin dose and/or stopping it would
be expected to reduce insulin-induced weight gain, hypo-
glycemia risk (online supplementary table S7) and the
negative impact on QoL.” Furthermore, there was a signif-
icant reduction in SU usage in the intervention group at
12 months, which was a result of medication reduction to
prevent hypoglycemic episodes. It should be mentioned
this may have impacted the weight loss achieved within
the control group, due to the weight potentiating action
of SU, however with there being no difference in hypo-
glycemic episodes (online supplementary table S7), the
impact on body weight loss is likely to be minimal.

IT negatively affects QoL.” *® Importantly, those in the
intervention group reported a significantly improved
QoL score at 12 months, while QoL was unchanged in the
control group. The observed improvement was greater
than reported following formula diets in non-IT type 2
diabetes (7.2 points) and bariatric surgery (9 points).'*
The degree of weight loss, improved glycemic control
and particularly reducing and stopping IT may have
contributed to the improved QoL.”

Of clinical importance were those individuals who
stopped IT. Minimizing IT, while improving glycemic
control and body weight in type 2 diabetes, may reduce
all-cause mortality,” *' as there is a dose-response
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relationship between IT and all-cause mortality in type
2 diabetes.” With concerns about the healthcare costs
of insulin usage accompanying the expected increased
type 2 diabetes prevalence,” effective approaches, such
as shown in our study, to stop IT are essential. Identifying
those participants who might benefit most from such an
intervention is of importance. From our study, those who
stopped insulin were mainly men, had lower baseline
insulin dosage and HbAlc and achieved a greater weight
loss at 12 months.

Strengths and limitations of this study

To our knowledge, this is the largest study to date in
this complex patient population demonstrating that a
low-energy TDR intervention can be used both effec-
tively and safely. With support within the UK from NHS
England for the use of LED in those recently diagnosed
with type 2 diabetes, this study provides further evidence
for promoting their use for type 2 diabetes, including
those treated with insulin. The strengths of the study
include the use of algorithms to reduce insulin dosage
on starting the TDR intervention that effectively mini-
mize both hyperglycemic and hypoglycemic episodes
and should enable safe use of TDR into clinical practice.
The participant population was typical of patients with
long-standing type 2 diabetes, but the study benefited
from having a more ethnically diverse group, a limita-
tion found in previous studies using formula VLED and
LED diets."” The control group of this study was unique,
in that the dietetic intervention was designed to achieve
weight loss, which may have reduced the effects observed
with the TDR intervention.

Our study has some limitations. Unlike recent studies
of patients recently diagnosed with type 2 diabetes carried
out in primary care, the interventions in our study were
conducted in a secondary care outpatient setting allowing
closer monitoring of the patients. Despite this, with the
necessary support staff, a TDR intervention could be
easily transferable to primary care in this population.
Another important limitation was the reduced follow-up
visits implemented after the initial 6 months, which
reflected in changes in both HbAlc and body weight.
After an initial HbAlc reduction at 6 months of the
intervention of 1.39% (15.2 mmol/mol) compared with
0.72% (7.8 mmol/mol), in the control group, HbAlc
levels were similar at 12 months (figure 2B). Despite no
difference between groups, HbAlc was reduced in the
intervention by clinically significant 0.43% (4.7 mmol/
mol) compared with no reduction in the control group.
Of note, the HbAlc reduction in the intervention group
was accompanied by insulin reduction or cessation,
which for this patient population has multiple benefits.
Previous studies assessing the effect of VLED in patients
with type 2 diabetes on I'T have reported similar findings,
with initial improvements in g;lycemic control followed
by gradual deterioration," '**” potentially representing
the natural glycemic deterioration in those with long-
standing type 2 diabetes. Other factors that could explain

this deterioration are the weight regain, increase in
waist circumference and FM between 6 and 12 months
which may have had detrimental effects on insulin sensi-
tivity and beta-cell function. The weight regain from 6
to 12 months may have diminished the earlier interven-
tion effect. This weight regain may have been driven by
multiple mechanisms, including a counterregulatory
effect on circulating gut hormone following weight loss
affecting subjective hunger.”* With no change in either
fasting or postprandial GLP-1 in either group, alterations
of other gut hormones such as ghrelin or peptide YY
may have contributed to weight regain. A comparable
weight regain (4.4kg) was, however, also seen following
a similar reduction in patient contact in a recent primary
care study employing an LED diet approach.” This also
highlights the importance of frequent contact to support
weight loss maintenance following the initial TDR inter-
vention and the need for additional strategies for weight
maintenance, weight loss and glycemic control which
could include GLP-1 receptor agonists, SGLI-2 inhibitors
or continued/intermittent use of formula products.10 3536

CONCLUSIONS AND IMPLICATIONS TO PRACTICE

This study confirms that a low-energy TDR intervention
including behavior modification and physical activity
can be used effectively to manage patients with type 2
diabetes and obesity receiving IT. At present there are
very few effective treatments for those with long-standing
type 2 diabetes apart from escalating pharmacotherapy
or bariatric surgery. This study fills the current gap in
knowledge not addressed by the Diabetes Remission
Clinical Trial, which focused on those diagnosed with
type 2 diabetes for less than 6 years who were not treated
with insulin. Patients with long-standing type 2 diabetes
and obesity on IT can, with sufficient weight loss achieved
through a low-energy TDR intervention, reduce insulin
burden and improve QoL. Maintenance strategies are
required to ensure the preservation of the early benefi-
cial effects of the TDR intervention.

Author affiliations

"Nutrition and Dietetic Research Group, Imperial College London, London, UK
%Centre for Obesity Research, Department of Medicine, University College London,
London, UK

*Division of Diabetes, Endocrinology and Metabolism, Imperial College London,
London, UK

“Institute of Diabetes, Endocrinology and Obesity, Guy’s and St Thomas’ Hospital,
London, UK

SDepartment of Medicine and Clinical Research Core, Weill Cornell Medicine—Qatar,
Qatar—Foundation Education City, Doha, Qatar

®Birmingham Clinical Trials Unit, University of Birmingham, Birmingham, UK
"Nutrition, Exercise and Sports, Faculty of Science, University of Copenhagen,
Copenhagen, Denmark

8Clinical Research Unit, Parker Institute, Frederiksberg Hospital, Copenhagen,
Denmark

9Department of Medicine, Weill Cornell Medical College, New York, New York, USA

Acknowledgements We thank the NIHR Clinical Research Network and Diabetes
Research Network for their support to the study recruitment. We are grateful to
the staff at the NIHR Imperial BRC, Guy’s Hospital diabetes research team, general
practices, healthcare professionals, and research students for all their help

8

BMJ Open Diab Res Care 2020;8:€001012. doi:10.1136/bmjdrc-2019-001012

1ybuAdoo
Ag paosioid 1senb Ag €20z ‘TT Jequiada@ uo /wod fwg-aip//:dny wolj papeojumod "020z Arenuer 8z U0 ZTOT00-6T0Z-0.pIWA/9ETT 0T Sk paysiignd 1s1y :81ed say geiq uado (NG


http://drc.bmj.com/

a Obesity Studies

throughout the study. Finally, we are grateful to the study participants for their
participation.

Contributors All authors contributed to the design of the study. AB coordinated
and undertook the recruitment. AB, AD and BM undertook the study. AB coordinated
the laboratory analysis. 00 undertook the statistical analysis. GSF is the guarantor
of this work and, as such, had full access to all the data in the study and takes
responsibility for the integrity of the data and the accuracy of the data analysis.

All authors contributed to the writing of the manuscript. All authors reviewed the
manuscript and approved the final version.

Funding This article presents independent investigator research supported by

an educational gift from Cambridge Weight Plan and the National Institute of
Health Research (NIHR) Clinical Research Facility at Imperial College Healthcare
NHS Trust. The Section for Nutrition Research is funded by grants from the UK
Medical Research Council (MRC) and BBSRC and is supported by the NIHR Imperial
Biomedical Research Centre (BRC) funding scheme. ST is funded by the Biomedical
Research Program at Weill Cornell Medicine in Qatar, supported by Qatar
Foundation. ST also receives funding from the Qatar National Research Fund (grant
NPRP 8-912-3-19). GSF is an NIHR senior investigator. The formula product was
donated by Cambridge Weight Plan who did not have any input into data analysis
or interpretation.

Disclaimer The views expressed are those of the authors and not necessarily
those of the BBSRC, the NHS, the NIHR or the Department of Health.

Competing interests AB, GSF and ST received funding for investigator-initiated
research through an educational grant from Cambridge Weight Plan. ST serves on
advisory boards for Novo Nordisk. All the authors received no financial benefit. AB
has received travel grants and conference fees from Cambridge Weight Plan. BM
serves on advisory boards for Novo Nordisk and Boehringer Ingelheim, received
educational fees from Novo Nordisk, Lilly, Boehringer Ingelheim and Ethicon, and
research grants from Novo Nordisk. ARL was previously employed as medical
director at Cambridge Weight Plan but held no shares personally. ARL is also the
chairman of Total Diet Meal Replacement Europe.

Patient consent for publication Not required.

Ethics approval The trial was registered prior to recruitment on the ISRCTN registry
and approved by the local and national regulatory agencies (Ref: 12/WM/0199).

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request.
Deidentified participant data that underlie the results reported in this article will
be made available beginning 12 months and ending 5 years after publication.
Proposals should be made to the corresponding author and will require a data
access agreement.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits
others to copy, redistribute, remix, transform and build upon this work for any
purpose, provided the original work is properly cited, a link to the licence is given,
and indication of whether changes were made. See: https://creativecommons.org/
licenses/by/4.0/.

ORCID iD
Gary S Frost http://orcid.org/0000-0003-0529-6325

REFERENCES

1 UKPDS Study Group. Intensive blood-glucose control with
sulphonylureas or insulin compared with conventional treatment and
risk of complications in patients with type 2 diabetes (UKPDS 33).
Lancet 1998;352:837-53.

2 Turner RC, Cull CA, Frighi V, et al. Glycemic control with diet,
sulfonylurea, metformin, or insulin in patients with type 2 diabetes
mellitus: progressive requirement for multiple therapies (UKPDS
49). UK prospective diabetes study (UKPDS) group. JAMA
1999;281:2005-12.

3 Stratton IM, Adler Al, Neil HA. Association of glycaemia with
macrovascular and microvascular complications of type 2
diabetes (UKPDS 35): prospective observational study. BMJ
2000;321:405-12.

4 Hemmingsen B, Lund SS, Gluud C, et al. Targeting intensive
glycaemic control versus targeting conventional glycaemic
control for type 2 diabetes mellitus. Cochrane Database Syst Rev
2013;11:1-380.

5

20

21

22

23

24

25

26

27

Snel M, Sleddering MA, vd Peijl ID, et al. Quality of life in type 2
diabetes mellitus after a very low calorie diet and exercise. Eur J
Intern Med 2012;23:143-9.

Schauer PR, Bhatt DL, Kirwan JP, et al. Bariatric Surgery versus
Intensive Medical Therapy for Diabetes - 5-Year Outcomes. N Engl J
Med 2017;376:641-51.

Lips MA, de Groot GH, van Klinken JB, et al. Calorie restriction is

a major determinant of the short-term metabolic effects of gastric
bypass surgery in obese type 2 diabetic patients. Clin Endocrinol
2014;80:834-42.

Pi-Sunyer X, Blackburn G, Brancati FL, et al. Reduction in weight
and cardiovascular disease risk factors in individuals with type 2
diabetes: one-year results of the look ahead trial. Diabetes Care
2007;30:1374-83.

Brown A, Guess N, Dornhorst A, et al. Insulin-Associated weight
gain in obese type 2 diabetes mellitus patients: what can be done?
Diabetes Obes Metab 2017;19:1655-68.

Lean MEJ, Leslie WS, Barnes AC, et al. Primary care-led weight
management for remission of type 2 diabetes (direct): an open-label,
cluster-randomised trial. Lancet 2018;391:541-51.

Anderson JW, Brinkman-Kaplan V, Hamilton CC, et al. Food-
containing hypocaloric diets are as effective as liquid-supplement
diets for obese individuals with NIDDM. Diabetes Care
1994;17:602-4.

Snel M, Gastaldelli A, Ouwens DM, et al. Effects of adding exercise
to a 16-week very low-calorie diet in obese, insulin-dependent
type 2 diabetes mellitus patients. J Clin Endocrinol Metab
2012;97:2512-20.

Snel M, van Diepen JA, Stijnen T, et al. Inmediate and long-term
effects of addition of exercise to a 16-week very low calorie diet on
low-grade inflammation in obese, insulin-dependent type 2 diabetic
patients. Food Chem Toxicol 2011;49:3104-11.

Dhindsa P, Scott AR, Donnelly R. Metabolic and cardiovascular
effects of very-low-calorie diet therapy in obese patients with type
2 diabetes in secondary failure: outcomes after 1 year. Diabet Med
2003;20:319-24.

Scott NW, McPherson GC, Ramsay CR, et al. The method of
minimization for allocation to clinical trials. Control Clin Trials
2002;23:662-74.

Pocock SJ. Clinical trials - a practical approach. Chichester: John
Wiley & Sons, 1983.

NICE. National Institute for Health and Clinical Excellence:
Guidance. In: Obesity: identification, assessment and management
of overweight and obesity in children, young people and adults:
partial update of CG43. London: National Institute for Health and
Care Excellence (UK), 2014.

Mifflin MD, St Jeor ST, Hill LA, et al. A new predictive equation for
resting energy expenditure in healthy individuals. Am J Clin Nutr
1990;51:241-7.

Grace C. A review of one-to-one dietetic obesity management in
adults. J Hum Nutr Diet 2011;24:13-22.

Brown A, Gouldstone A, Fox E, et al. Description and preliminary
results from a structured specialist behavioural weight management
group intervention: specialist lifestyle management (SLIM)
programme. BMJ Open 2015;5:e007217-10.

NICE. National Institute for Health and Clinical Excellence: Guideline
NG28 Type 2 diabetes in adults: management. In: National Institute
for health and clinical excellence: guideline NG28 type 2 diabetes in
adults: management. London: National Institute for Health and Care
Excellence (UK), 2015.

Blundell J, de Graaf C, Hulshof T, et al. Appetite control:
methodological aspects of the evaluation of foods. Obesity Reviews
2010;11:251-70.

Christensen P, Bliddal H, Riecke BF, et al. Comparison of a
low-energy diet and a very low-energy diet in sedentary obese
individuals: a pragmatic randomized controlled trial. Clin Obes
2011;1:31-40.

Brown A, Frost G, Taheri S. Is there a place for low-energy

formula diets in weight management. British Journal of Obesity
2015;3:84-119.

Astbury NM, Aveyard P, Nickless A, et al. Doctor referral

of overweight people to low energy total diet replacement
treatment (droplet): pragmatic randomised controlled trial. BMJ
2018;362:k3760.

Taylor R, Al-Mrabeh A, Zhyzhneuskaya S, et al. Remission of human
type 2 diabetes requires decrease in liver and pancreas fat content
but is dependent upon capacity for § cell recovery. Cell Metab
2018;28:547-56.

Jazet IM, Schaart G, Gastaldelli A, et al. Loss of 50% of excess
weight using a very low energy diet improves insulin-stimulated
glucose disposal and skeletal muscle insulin signalling in

BMJ Open Diab Res Care 2020;8:€001012. doi:10.1136/bmjdrc-2019-001012

1ybuAdoo
Ag paosioid 1senb Ag €20z ‘TT Jequiada@ uo /wod fwg-aip//:dny wolj papeojumod "020z Arenuer 8z U0 ZTOT00-6T0Z-0.pIWA/9ETT 0T Sk paysiignd 1s1y :81ed say geiq uado (NG


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-0529-6325
http://dx.doi.org/10.1016/S0140-6736(98)07019-6
http://dx.doi.org/10.1001/jama.281.21.2005
http://dx.doi.org/10.1136/bmj.321.7258.405
http://dx.doi.org/10.1016/j.ejim.2011.07.004
http://dx.doi.org/10.1016/j.ejim.2011.07.004
http://dx.doi.org/10.1056/NEJMoa1600869
http://dx.doi.org/10.1056/NEJMoa1600869
http://dx.doi.org/10.1111/cen.12254
http://dx.doi.org/10.2337/dc07-0048
http://dx.doi.org/10.1111/dom.13009
http://dx.doi.org/10.1016/S0140-6736(17)33102-1
http://dx.doi.org/10.2337/diacare.17.6.602
http://dx.doi.org/10.1210/jc.2011-3178
http://dx.doi.org/10.1016/j.fct.2011.09.032
http://dx.doi.org/10.1046/j.1464-5491.2003.00937.x
http://dx.doi.org/10.1016/S0197-2456(02)00242-8
http://dx.doi.org/10.1093/ajcn/51.2.241
http://dx.doi.org/10.1111/j.1365-277X.2010.01137.x
http://dx.doi.org/10.1136/bmjopen-2014-007217
http://dx.doi.org/10.1111/j.1467-789X.2010.00714.x
http://dx.doi.org/10.1111/j.1758-8111.2011.00006.x
http://dx.doi.org/10.1136/bmj.k3760
http://dx.doi.org/10.1016/j.cmet.2018.07.003
http://drc.bmj.com/

Obesity Studies a

28

29

30

obese insulin-treated type 2 diabetic patients. Diabetologia
2008;51:309-19.

Pouwer F, Hermanns N. Insulin therapy and quality of life. A review.
Diabetes Metab Res Rev 2009;25:S4-10.

Fermont JM, Blazeby JM, Rogers CA, et al. The EQ-5D-5L is a
valid approach to measure health related quality of life in patients
undergoing bariatric surgery. PLoS One 2017;12:e0189190.
Sjostrom L, Peltonen M, Jacobson P, et al. Association of
bariatric surgery with long-term remission of type 2 diabetes and
with microvascular and macrovascular complications. JAMA
2014;311:2297-304.

33

34

35

association with all-cause mortality, cardiovascular events and
cancer. Diabetes Obes Metab 2015;17:350-62.

Basu S, Yudkin JS, Kehlenbrink S, et al. Estimation of global insulin
use for type 2 diabetes, 2018-30: a microsimulation analysis. The
Lancet Diabetes & Endocrinology 2019;7:25-33.

Sumithran P, Prendergast LA, Delbridge E, et al. Ketosis and
appetite-mediating nutrients and hormones after weight loss. Eur J
Clin Nutr 2013;67:759-64.

Christensen P, Henriksen M, Bartels EM, et al. Long-Term weight-
loss maintenance in obese patients with knee osteoarthritis: a

31 Currie CJ, Poole CD, Evans M, et al. Mortality and other important ) ) . PP
diabetes-related outcomes with insulin vs other antihyperglycemic randomized trial. Am J Cl"_7 Nutr 2017;106:ajcnt 5854?_763'
therapies in type 2 diabetes. J Clin Endocrinol Metab 2013;98:668-77. 36 lepsen EW, Lundgren J, Dirksen G, et al. Treatment with a GLP-

32 Holden SE, Jenkins-Jones S, Morgan CL, et al. Glucose-Lowering 1 receptor agonist diminishes the decrease in free plasma leptin
with exogenous insulin monotherapy in type 2 diabetes: dose during maintenance of weight loss. Int J Obes 2015;39:834-41.

10 BMJ Open Diab Res Care 2020;8:¢001012. doi:10.1136/bmjdrc-2019-001012

1ybuAdoo
Ag paosioid 1senb Ag €20z ‘TT Jequiada@ uo /wod fwg-aip//:dny wolj papeojumod "020z Arenuer 8z U0 ZTOT00-6T0Z-0.pIWA/9ETT 0T Sk paysiignd 1s1y :81ed say geiq uado (NG


http://dx.doi.org/10.1007/s00125-007-0862-2
http://dx.doi.org/10.1002/dmrr.981
http://dx.doi.org/10.1371/journal.pone.0189190
http://dx.doi.org/10.1001/jama.2014.5988
http://dx.doi.org/10.1210/jc.2012-3042
http://dx.doi.org/10.1111/dom.12412
http://dx.doi.org/10.1016/S2213-8587(18)30303-6
http://dx.doi.org/10.1016/S2213-8587(18)30303-6
http://dx.doi.org/10.1038/ejcn.2013.90
http://dx.doi.org/10.1038/ejcn.2013.90
http://dx.doi.org/10.3945/ajcn.117.158543
http://dx.doi.org/10.1038/ijo.2014.177
http://drc.bmj.com/

	Low-­energy total diet replacement intervention in patients with type 2 diabetes mellitus and obesity treated with insulin: a randomized trial
	Abstract
	Introduction﻿﻿
	Methods
	Study design and participants
	Randomization and masking
	Dietary interventions
	Standardized dietetic care
	Subject counseling support
	Insulin titration
	Procedures
	Study outcomes
	Statistical analysis

	Results
	Primary outcome
	Secondary outcomes
	Post hoc outcomes
	Adverse events

	Discussion
	Strengths and limitations of this study

	Conclusions and implications to practice
	References


