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Abstract
Context: Very-low-calorie ketogenic diet (VLCKD) is used for weight loss and management of obesity-related comorbidities.
Objective: We aimed at evaluating the effects of VLCKD on body composition and energy metabolism.
Methods: This prospective outpatient study included 17 women with obesity (mean age 41.6 years; body mass index 37.5 kg/m2) who followed 
a 1-month VLCKD (700-800 kcal/day, carbohydrate 11%, fat 46%, protein 43%) at the University Hospital of Pisa. Measurements of 24-hour 
energy expenditure (24hEE) and substrate oxidation were conducted in a metabolic chamber at day 1 (V1), day 8 (V2), and day 29 (V3). Body 
composition was assessed by Dual energy X-ray absorptiometry. Twenty-two women with obesity fed a balanced isocaloric diet served as 
controls.
Results: Compared with controls, carbohydrate oxidation (CarbOx) was lower, whereas fat oxidation (FatOx) and protein oxidation (ProtOx) were 
higher in the VLCKD group at V1. CarbOx decreased by 65%, while FatOx increased by 11% at V3. The rate of ProtOx was already higher than in 
controls at V1 and remained stable throughout the study. After 1 month, body weight decreased by 7%, reflecting an 8.8% reduction in fat mass 
and a 5.6% reduction in lean soft tissue (LST). A 10% decrease in 24hEE and 24-hour sleeping metabolic rate was observed at V3 compared 
with V1.
Conclusion: VLCKD promotes weight loss in women with obesity. Our findings highlight the shift in energy metabolism towards increased 
FatOx accompanied by a modest increase in protein oxidation, a decrease in LST and a reduction in EE.
Key Words: ketogenic diet, obesity, energy expenditure, respiratory exchange ratio
Abbreviations: 24hEE, 24-hour energy expenditure; 24hRER, 24-hour respiratory exchange ratio; 24hSMR, 24-hour sleeping metabolic rate; β-OHB, 
β-hydroxybutyrate; BMI, body mass index; CarbOx, carbohydrate oxidation; DXA, dual-energy X-ray absorptiometry; EE, energy expenditure; FatOx, fat 
oxidation; FM, fat mass; FFM, fat-free mass; FT3, free triiodothyronine; FT4, free thyroxine; KD, ketogenic diet; LST, lean soft tissue; ProtOx, protein 
oxidation; REE, resting EE; TSH, thyrotropin; VLCKD, very-low-calorie ketogenic diet.
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Obesity is a chronic condition characterized by the accumula
tion of excess adipose tissue, resulting in a significant public 
health concern (1). The main goal of obesity treatment is weight 
loss that may be achieved by lifestyle interventions, pharmaco
logical treatment, or bariatric surgery (2). Currently, the nutri
tional approach based on calorie restriction, coupled with 
lifestyle modifications, remains the primary step in the treat
ment of overweight/obesity (3).

The ketogenic diet (KD) has gained consideration as a 
weight-loss therapeutic strategy (4-7). The KD, characterized 

by a low carbohydrate intake (<50 g/day), is a dietary ap
proach based on the shift of energy metabolism from carbohy
drates to fatty acids, which are used as the primary fuel, 
leading to production of ketone bodies. Fat mobilization is 
triggered upon the attainment of an energy deficit, a process 
facilitated by the anorectic influence of ketone bodies. The 
most used variants of KDs in obesity management are identi
fied by 2 types based on the amount of calories introduced: a 
low-calorie ketogenic diet (LCKD) with a total daily energy 
intake of 800 to 1200 kcal; and a very-low-calorie ketogenic 
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diet (VLCKD) consisting of an active phase (<800 kcal/day) 
characterized by restricted carbohydrate intake and a 
relative increase in fat (∼44%) and protein (∼43%). This is 
followed by a reintroduction phase (800-1500 kcal/day), dur
ing which carbohydrates are gradually reintroduced to 
achieve a balanced macronutrient composition. The final 
maintenance phase involves a daily calorie intake ranging 
from 1500 to 2000 kcal, depending on individual patient 
characteristics (6). Several studies have demonstrated the 
beneficial effects of the active phase of VLCKD (8-11) and 
of the reintroduction and long-term maintenance period (ran
ging from 4 to 12 months) (12-14) on metabolic parameters 
including glucose, insulin, lipid profile, and liver function 
(15). In selected patients, the KD is considered a valid alterna
tive to a balanced hypocaloric diet, due to the presumed pres
ervation of lean body mass (16-18), which is the main 
determinant of energy expenditure (EE) (19-21). To date, 
very few studies have evaluated the impact of KDs on EE. 
No significant effects of a 20- to 60-day VLCKD were ob
served on resting EE (REE) when measured using portable de
vices over a short period of 10 to 20 minutes (22, 23). During 
isocaloric feeding following weight loss, reductions in REE 
and total EE, as assessed by indirect calorimetry and doubly 
labelled water, varied according to dietary glycemic load, 
with the smallest decline observed in the very–low- 
carbohydrate diet, an intermediate reduction in the low gly
cemic index diet, and the most pronounced decrease in the 
low-fat diet (24). A slight increase in 24-hour EE (24hEE) 
was observed after 1 week of an isocaloric KD, as measured 
using a whole-room indirect calorimeter (25). In this study 
we aimed at evaluating the effect of 1-month VLCKD on 
body composition, 24hEE, and substrate oxidation rates in 
women with obesity.

Materials and Methods
Patients and Study Design
This outpatient prospective intervention study, conducted 
without random allocation, included 39 women with obesity 
(aged ≥18 years, body mass index [BMI] > 30 kg/m2) who 
were referred to the Obesity and Lipodystrophy Center, 
University Hospital of Pisa, by general practitioners or com
munity outreach to initiate a weight loss program. All patients 
received a clinical, biochemical, and instrumental 

examination (V0) based on current guidelines (2, 26). None 
of them had major uncontrolled endocrine or metabolic dis
eases aside from obesity.

Based on physical examination, laboratory tests, and psycho
logical assessment, 17 women were selected for participating in 
the VLCKD program at V0. Two patients were receiving hy
polipemic therapy, 4 patients vitamin D supplementation, 1 
patient took metformin, antihypertensive therapy, and hypo
lipemic therapy, 1 patient was on the contraceptive pill, and 
2 patients were receiving L-thyroxine therapy for auto
immune hypothyroidism.

The study design is presented in Fig. 1. Inclusion and exclu
sion criteria are shown in Table 1. After V0 and until V1, pa
tients were instructed to follow a weight-maintaining diet, 
specifically an isocaloric balanced diet with a macronutrient 
composition of 20% protein, 30% fat, and 50% carbohy
drates. The individual diet caloric content was determined us
ing specific equations based on body weight, height, and sex 
(27). At V1 (day 1), while staying inside the whole room indir
ect calorimeter (metabolic chamber) for 24 hours, patients 
were fed a VLCKD (breakfast at 8:00 AM, lunch at 12:00, 
dinner at 19:00) and underwent a 24-hour measurement of 

Figure 1. V0: screening interview including screening labs and informed consent. V0-V1: patients were instructed to follow a WMD (50% 
carbohydrates, 30% fat and 20% protein). Day 1-30: active phase of VLCKD consisting of a very–low-calorie diet (700-800 kcal/day), low in carbohydrate 
(<30 g daily), and fat (only 20 g per day) with protein ranging between 1.2 and 1.5 g per kg of ideal body weight. Day 1 (V1): CH for assessing the 24-hour 
energy expenditure on the first day of VLCKD. Day 2: blood test and DXA after an overnight fast. Day 8 (V2): CH for assessing the 24-hour energy 
expenditure after 1 week of VLCKD. Day 9: Blood test after an overnight fast. Day 29 (V3): CH for assessing the 24-hour energy expenditure after 
28 days of VLCKD starting from V1. Day 30: blood test and DXA after an overnight fast. 
Abbreviations: CH, whole-room indirect calorimetry; DXA, dual-energy X-ray absorptiometry; WMD, weight-maintaining diet.

Table 1. Inclusion and exclusion criteria of the patients fed VLCKD

Inclusion criteria Exclusion criteria

BMI > 30 kg/m2 Type I diabetes mellitus or type II diabetes 
mellitus treated with insulin

Signing informed consent Chronic renal disease (estimated glomerular 
filtration rate <60 mL/min or overt 
proteinuria)

Agreement to follow the 
study procedures, 
including follow-up visits

Use of antidepressants, anticonvulsants, 
lithium carbonate or neuroleptics for 
psychiatric comorbidities

Pregnancy or breastfeeding
Evidence of alcohol and/or drug abuse 
Antiobesity medications
Cancer requiring treatment in the past 5 years
Other neurological, cardiovascular, liver, 

respiratory, hematologic, 
endocrinological, or autoimmune diseases 
that, in the opinion of the investigator, 
could influence the study results
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energy metabolism. The proportion of total caloric intake 
provided at each meal was 29% for breakfast, 43% for lunch, 
and 28% for dinner. Patients had the option to either consume 
preassembled products prepared by Kalibra s.r.l. (Cuneo, 
Italy) or a diet using food supplied by the hospital kitchen ac
cording to the dietitian’s plan. As a result, 5 patients opted for 
prepackaged products, while 12 patients chose conventional 
foods. Patients returned 1 week later (V2, day 8) and 4 weeks 
later (V3, day 29) for measurement of 24hEE and its compo
nents. During the 24-hour stay inside the metabolic chamber 
on V2 and V3, patients consumed the same diet as at V1. 
Under free-living conditions from V1 to V3, 12 patients con
tinued following the diet based on self-prepared food supplies 
as recommended by dietitians, while 5 patients who had chos
en assembled products received prepackaged meal boxes 
provided by the company. From V2 to V3, patients were en
couraged to start mild physical activity, such as walking for 
30 minutes twice a week.

On days 2 and 30, after exiting the metabolic chamber, a 
fasting measurement of body composition was performed. 
Body weight was assessed at each visit (V0, V1, V2, V3). A 
digital electronic scale was used to assess body weight in light 
clothing. Standing height without shoes was measured to the 
nearest 1 cm using a stadiometer. BMI was calculated as 
weight in kilograms divided by the square of height in meters. 
Classification of overweight and obesity was done according 
to conventional definitions (28). Fasting blood samples were 
drawn at 07:30 AM prior to (pre-V1) and after exiting the 
chamber (V1), and at V2 and V3 upon exiting the metabolic 
chamber.

Additionally, 22 female patients with age and body weight 
comparable to the study group, who received the same clinical 
evaluation, volunteered as controls. These patients were 
assigned to receive either a lifestyle intervention (n = 7), anti
obesity medications (n = 14), or bariatric surgery (n = 1). 
Before starting their weight loss program, they underwent a 
24-hour energy metabolism assessment while following a bal
anced isocaloric diet (50% carbohydrates, 30% fat, 20% pro
tein) and received a measurement of body composition using 
dual-energy X-ray absorptiometry (DXA). This baseline as
sessment served as a reference for the intervention group on 
the first day of the VLCKD (V1). Following the initiation of 
the weight loss program, patients were monitored through 
periodic evaluations based on their assigned treatment, but 
no further data were collected for this study.

The study was approved by the Regional Ethics Committee 
for Clinical Trials of the Tuscany, Region Section: AREA 
VASTA NORD OVEST (register number 19543). All patients 
gave their written and informed consent to participate. The 
procedures employed in the study are in accordance with the 
1964 Helsinki Declaration and its later amendments.

Dietary Intervention
On the first day in the metabolic chamber (V1), the patient 
started the active phase of the VLCKD, which was then contin
ued during the outpatient phase until V3 according to the plan 
provided by the dietitian. The diet was tailored to each patient 
based on individual preferences. Adherence to the VLCKD was 
monitored by weekly telephone calls. During follow-up visits 
and telephone calls, medical data and changes in physical ac
tivity were monitored without evidence of significant varia
tions throughout the study period. The dietary intervention 

consisted of a very-low-calorie diet (700-800 kcal/day), 
low in carbohydrates (<30 g daily), derived mainly from vege
tables, and fat (20 g per day, obtained primarily from olive oil). 
The amount of high-biological–value protein was between 1.2 
and 1.5 g per kg of ideal body weight. β-Hydroxybutyrate 
(βOHB) capillary blood detection was performed to confirm 
ketosis by using a portable device (GlucoMen areo, 
A. Menarini Diagnostics, Neuss, Germany) at V1 upon exit
ing the metabolic chamber at 07:30 AM and at V2 and V3 pri
or to and after exiting the chamber. The threshold value for 
nutritional ketosis was set at 0.5 mmol/L of βOHB (29). 
Urinary ketones were analyzed in a morning sample at V1, 
V2, and V3 following the exit from the chamber. Given the 
very low caloric nutritional pattern, patients were instructed 
to take supplement with micronutrients (vitamins, including 
complex B, C, and E vitamins, minerals, such as potassium, 
sodium, magnesium, calcium) according to international rec
ommendations (30). Drinking 2 to 2.5 liters of water per day 
was recommended. Low glycemic index vegetables were in
dicated to reach the necessary fiber level.

From recruitment until the energy metabolism assessment, 
the control group was instructed to adhere to a weight- 
maintaining diet, specifically an isocaloric balanced diet 
with a macronutrient composition of 20% protein, 30% 
fat, and 50% carbohydrate. After the 24-hour metabolic 
chamber session, they were prescribed a hypocaloric, normo- 
balanced diet providing 25 kcal/kg of ideal body weight, 
which was reassessed during follow-up visits based on their 
assigned program and weight loss progression.

Whole-Room Indirect Calorimetry
Assessment of 24hEE and 24-hour respiratory exchange ratio 
(24hRER), an index of substrate oxidation, within the whole- 
room indirect calorimeter was performed using previously es
tablished methodologies (31, 32). In brief, after an overnight 
fast, patients entered the calorimeter around 7:30 AM and re
ceived breakfast at 8:00 AM, lunch at 12:00 PM, and dinner 
at 7:00 PM. Any unconsumed food was weighed to determine 
the actual 24-hour energy intake during each session. Patients 
and controls stayed in the calorimeter for 23.5 hours, during 
which CO2 production and O2 consumption were recorded 
every minute. The 24hEE was computed using the Lusk for
mula (19). The chamber air temperature was maintained con
stant at 23.8 ± 1.4 °C, and the air inflow rate was regulated by 
a mass flow controller at a fixed rate of 100 L/minute. Air 
samples from the inlet pipe and chamber were drawn by mem
brane pumps, dried to a humidity level of <1000 ppm using a 
gas sample dryer driven by counterflow dry medical air, and 
then sent to absolute gas analyzers. Radar sensors measured 
spontaneous physical activity, expressed as the percentage 
of time when activity was detected (33). The accuracy of 
the calorimeter system was periodically verified prior to and 
throughout the study period by monthly combustion of 
instrument-grade propane on a calibrated scale. The recovery 
rates of O2 consumption, CO2 production, and RER were 
consistently within 5% of the values expected from stoichiom
etry. Daytime EE in the inactive, awake state (EE0) was deter
mined as the intercept of the regression line between EE and 
spontaneous physical activity at 1-minute intervals from 
10:00 AM to 1:00 AM, extrapolated to 15 hours (34). 
Sleeping EE was calculated as the average EE between 11:30 
PM and 5:00 AM overnight when subject movement was less 
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than 1.5% (<0.9 seconds/minute). This value was then ex
trapolated to a 24-hour period (24-hour sleeping metabolic 
rate, 24hSMR) to determine the daily minimal energy require
ment, excluding any additional EE associated with the cost of 
being awake (19). The 24hRER was determined as the ratio 
of 24-hour average CO2 production to 24-hour average O2 

consumption. Carbohydrate oxidation (CarbOx) and lipid 
oxidation (FatOx) rates were derived from the 24hRER 
after adjustment for protein oxidation (ProtOx) rate, esti
mated from measurement of 24-hour urinary nitrogen ex
cretion (35).

Measurement of Body Composition
DXA (Lunar Prodigy; GE Healthcare) was used to perform the 
following measures of body composition (36): lean soft tissue 
(LST), defined as the estimated mass of all nonfat, nonbone min
eral molecules in the body, including skeletal muscle mass, non
fat components of adipose tissue, skin, connective tissue, etc; fat 
mass (FM); appendicular LST (the sum of LSTs of the upper and 
lower extremities); appendicular fat mass (the sum of FMs of the 
upper and lower extremities); trunk FM. Body composition as
sessment using DXA was consistently conducted by the same 
trained technicians, who were blinded to the intervention group 
throughout the study, to ensure methodological consistency and 
minimize interoperator variability.

Assays for Serum Hormones and Metabolic 
Analytes
Blood samples were drawn after an overnight fast prior to and 
after V1, at V2 and V3 (upon exiting the metabolic chamber).

Thyrotropin (TSH), free triiodothyronine (FT3), and free thy
roxine (FT4) were measured by a specific and sensitive auto
mated chemiluminescent immunoassay (Vitros 3600 System, 
Ortho-Clinical Diagnostic, Rochester, NY, USA). The normal 
range was 0.4-4 mUI/L for TSH, 7 to 17 pg/mL for FT4 and 
2.7 to 5.7 pg/mL for FT3. Serum insulin, creatinine, total chol
esterol, low-density lipoprotein, high-density lipoprotein, trigly
cerides, and liver enzymes were measured by commercial kits.

Statistical Analysis
A power analysis was conducted to determine the sample size 
required to detect a clinically significant effect of VLCKD on 
energy metabolism. This calculation was based on data from 

a prior study that investigated the impact of a isocaloric KD 
on EE (25) which reported a mean increase in sleeping EE of 
approximately 200 kcal/day after 1 week. To detect a more 
conservative mean increase of 100 kcal/day (SD = 140 kcal) 
in sleeping EE after 1 week of VLCKD, a sample size of 17 par
ticipants was determined to provide a power of >0.80 at a 
2-sided a-level of .05, using a paired t-test. All statistical ana
lyses were performed with SAS, version 9.2 (SAS Institute, 
Cary, NC). P values <.05 were considered statistically signifi
cant. Normally distributed variables were expressed as mean  
± SD, except for variables with skewed distributions, which 
were expressed as median with interquartile range (IQR). 
Measurements of TSH concentration were log10 transformed 
prior to analysis to ensure normality of data distribution. 
Differences in metabolic measures between the VLCKD group 
at V1 and controls were evaluated using Student’s unpaired 
t-test. Both 24hEE and 24hSMR were normalized to LST by 
expressing them per kilogram of LST after verifying that the 
intercept of the linear regression line was not statistically sig
nificantly different from 0.

Differences in body composition measures between V1 and 
V3 were assessed using Student’s paired t-test. Changes in 
measures of energy metabolism, body weight, ketone bodies 
and hormone concentrations in the group of patients with 
VLCKD during the 3 visits (V1, V2, and V3) were analyzed us
ing repeated-measures mixed-model analysis with a first-order 
autoregressive covariance structure. Changes (Δ) from V1 
were expressed as least squares means with SE and analyzed 
using the Dunnett post hoc test.

Results
Table 2 shows the demographic and anthropometric parame
ters of patients fed VLCKD at V1 (energy intake shown in 
Table 3) compared with controls fed an isocaloric balanced 
diet (actual total intake 1582.4 ± 227.8 kcal/day; carbohy
drate intake 787.7 ± 135.4 kcal/day; fat intake 472.5 ±  
80.9 kcal/day; protein intake 322.2 ± 49.0 kcal/day). No sig
nificant differences in age, body weight, or body composition 
were observed between the 2 groups (all P > .3).

Table 2. Demographic and anthropometric parameters of patients 
fed the VLCKD at V1 compared with controls (CON) fed an 
isocaloric balanced diet

VLCKD at V1 (n = 17) CON (n = 22) P 
value

Age 41.6 ± 15.2 (20; 63) 48.1 ± 11.4 (21; 66) ns
Body weight 

(kg)
99.1 ± 17.4 (78.0; 131.0) 96.1 ± 17.0 (74.5; 126.5) ns

BMI (kg/m2) 37.5 ± 6.8 (30.9; 50.3) 36.3 ± 6.7 (29.3; 48.3) ns
FM (kg) 50.6 ± 11.9 (34.7; 75.3) 47.3 ± 10.6 (30.0; 66.6) ns
LST (kg) 45.8 ± 6.8 (35.3; 65.5) 46.2 ± 4.6 (38.5; 56.2) ns

Each parameter in the table is expressed as mean ± SD (minimum; maximum).
V1: first day of VLCKD while staying inside the metabolic chamber.

Table 3. Calorie intake and ketone bodies concentrations in the study 
group at V1, V2 and V3 during the VLCKD intervention period

V1 V2 V3

Prescribed total energy 
intake (kcal/d)

761.4 ± 29.2 764.4 ± 21.3 768.0 ± 25.4

Actual total energy intake 
(kcal/day)

740.8 ± 40.1 726.6 ± 75.5 680.7 ± 114.4

Urinary ketone excretion 
(mg/dL)

0.45 ± 1.5 25.6 ± 28.2a 27.1 ± 22.5a

β-Hydroxybutyrate  
(mmol/L)

0.94 ± 1.6 1.8 ± 0.7a 2.2 ± 1.3a

Data are presented as mean ± SD. Prescribed total energy intake (kcal/d) refers to 
the amount of energy allocated to patients following a VLCKD during each 
session (V1, V2, V3) in the metabolic chamber. Actual total energy intake 
(kcal/day) represents the energy effectively consumed by patients, accounting 
for any unconsumed food during each session in the metabolic chamber.
Abbreviations: BMI, body mass index; FM, fat mass; LST, lean soft tissue; 
VLCKD, very-low-calorie ketogenic diet; V1, first day of VLCKD; V2, day 8 of 
VLCKD; V3, day 29 of VLCKD.
aAdjusted P < .05 vs V1 by Dunnet’s post hoc analysis.
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Assessment of Energy Metabolism After 1 Day 
of VLCKD
No significant difference in 24hEE or 24hSMR was observed 
between the VLCKD group and controls. As expected from 
the different nutritional status between the 2 groups, the 
24hRER and CarbOx were lower in the VLCKD than in con
trols, whereas FatOx and ProtOx were higher (Fig. 2). 
Consistent results were obtained when macronutrient rates 
were expressed as percentages of 24hEE (Fig. 3).

Assessment of Energy Metabolism at V2 and V3 
of the VLCKD Intervention Diet
The actual energy intake, urinary ketone excretion, and βOHB 
capillary blood levels at each visit are reported in Table 3.

Metabolic parameters during the active phase of VLCKD at 
each visit are shown in Fig. 2. Compared with V1, a slight 

decrease in 24hEE and 24hSMR was observed at V2, which be
came statistically significant at V3, when metabolic rates were 
approximately 10% lower than in V1. Compared with V1, 
CarbOx decreased by an average of 78% at V2 and by 65% 
at V3, and FatOx increased by 25% at V2 and by 11% at 
V3. The rate of ProtOx remained elevated throughout the active 
phase of VLCKD, though showing a small decline parallel to the 
reduction of 24hEE. Consistent with the above data were results 
obtained by expressing macronutrient oxidation rates as a per
centage of 24hEE (Fig. 3). No differences in various measures 
were observed between patients who consumed self-prepared 
food supplies and those who chose prepackaged meals.

Changes in Body Composition
The variations of body composition measures are reported 
in Table 4 and Fig. 4A. Compared with V1, mean body 

Figure 2. The figure shows the measures of 24hEE (A), 24hSMR (B), 24hRER (C), CarbOx (D), FatOx (E), and ProtOx (F) in the control group (CON) and 
in patients fed VLCKD at V1, V2, and V3. Metabolic measurements in the control group were conducted only at baseline. These values were used as a 
reference for the intervention group on the first day of the VLCKD (V1). #Adjusted P < .05 vs control by Student’s unpaired t-test. *P < .05 vs V1 by 
Dunnet’s post hoc analysis. Error bars show the SE of the mean at each visit calculated from the repeated measures mixed model analysis. V1: first day 
of VLCKD; V2: day 8 of VLCKD; V3: day 29 of VLCKD.
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weight decreased by 3% at V2 and by 7% at V3. At V3, a 
reduction in FM (Δ = −8.8 ± 3.9%, P < .001), trunk 
body fat (Δ = −8.2 ± 8.1%, P = .003), appendicular FM 
(Δ = −10.0 ± 7.8%, P = .0002), LST (Δ = −5.6 ± 3.4%, 
P = .0001), and appendicular LST (Δ = −6.0 ± 5.0%, 
P = .005) were observed. At V3, FM loss accounted for 
62% of the total weight loss, while LST reduction contrib
uted to the remaining 38% (Fig. 4B). No significant 
differences in 24hEE and 24hSMR between V1 and V3 
were observed after normalizing for LST. These findings 
suggest that the observed reduction in EE at V3 was 
primarily driven by the decrease in LST.

No differences in body composition measures were ob
served between patients who consumed self-prepared food 
supplies and those who opted for prepackaged meals.

Changes in Serum Hormones and Other Blood 
Parameters
Compared with pre-V1, serum concentrations of FT3 de
creased after 24 hours of VLCKD as did the FT3/FT4 ratio 
and TSH, whereas no change was observed for FT4 (Fig. 5). 
Compared with V1, further decreases in serum FT3 concen
trations and FT3/fT4 ratio were observed at V2 and V3, 
whereas serum FT4 concentrations increased significantly 
during the active phase of VLCKD (Fig. 5). No changes in 
TSH were observed throughout V1 to V3.

Compared with V1, a significant reduction in total choles
terol, low-density lipoprotein, high-density lipoprotein, trigly
cerides, and insulin levels was observed at V3 (Table 5). No 
significant changes in serum creatinine, liver enzymes, and 
electrolytes were detected.

Discussion
In this prospective outpatient study, VLCKD proved effective 
in promoting weight loss, with an average reduction of 7% 
over a 1-month period of caloric restriction and low carbohy
drate intake. This relevant reduction in body weight was asso
ciated with an improvement of patients’ metabolic status, 
as demonstrated by the significant reduction of serum lipids 
and insulin.

In a study involving individuals with obesity undergoing 
VLCKD, REE was measured at 1 to 2 months by O2 consump
tion, as assessed by a portable desktop metabolic system. 
Despite a 12% body weight loss, no significant reduction in 
REE was observed compared with baseline values (23). A 
randomized controlled trial in subjects with overweight com
pared the effects of a 20-day low-carbohydrate KD to those 
of a Mediterranean diet: no significant difference in REE 
was observed, as assessed by measuring oxygen uptake and 
carbon dioxide production using a ventilated hood (22). 
Similarly, a study on male soccer players being randomized 
to a VLCKD or a Western diet found no difference in REE be
tween the 2 dietary regimens (37). At variance with previous 
reports, our study, investigating a group of women with obes
ity administered a VLCKD for a 1-month period, demon
strates a clear-cut decrease in 24EE and 24hSMR. In this 
context, it is important to highlight that our study utilized a 
whole room indirect calorimetry, which allows for accurate 
measurement of 24hEE and its individual components.

Figure 3. Macronutrient oxidation rates (CarbOx, FatOx, ProtOx) 
expressed as percentage of 24hEE in the control group (CON) and in 
the VLCKD group throughout the 1-month dietary intervention period 
(V1, V2, V3). V1: first day of VLCKD; V2: day 8 of VLCKD; V3: day 29 of 
VLCKD.

Table 4. Changes in body weight and body composition during the VLCKD intervention period at V1, V2, and V3

V1 V2 V3

Body weight (kg) 99.1 ± 17.3 (78.0; 131.0) 96.1 ± 17.0a (74.5; 126.5) 92.1 ± 16.5a (73.0; 122.5)
BMI (kg/m2) 37.5 ± 6.8 (30.9; 50.3) 36.3 ± 6.7a (29.3; 48.3) 34.7 ± 6.5a (28.4; 47.9)
FM (kg) 50.6 ± 11.9 (34.7; 75.3) — 46.2 ± 11.9b (32.5; 70.5)
TBF (kg) 25.3 ± 6.5 (18.2; 41.1) — 23.5 ± 7.5b (15.9; 40.4)
AFM (kg) 24.3 ± 7.0 (15.6; 39.6) — 21.8 ± 6.4b (14.5; 37.1)
LST (kg) 45.8 ± 6.8 (35.3; 65.5) — 43.1 ± 5.9b (32.5; 59.7)
ALST (kg) 21.9 ± 3.9 (15.8; 29.4) — 20.5 ± 2.5b (14.9; 24.5)

Data are presented as mean ± SD (minimum; maximum).
Abbreviations: AFM, appendicular fat mass; ALST, appendicular lean soft tissue; BMI, body mass index; FM, fat mass; LST, lean soft tissue; TBF, trunk body fat; V1, 
first day of VLCKD; V2, day 8 of VLCKD; V3, day 29 of VLCKD.
aAdjusted P < .05 vs V1 by Dunnet’s post hoc analysis.
bP < .05 vs V1 by Student’s paired t-test.
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In individuals fed a VLCKD, the restricted carbohydrate 
availability promotes an increased dependence on lipids and 
proteins as energy sources (38-40), driven by a reduction of in
sulin and by an increase in glucagon (41). These metabolic 
changes enhance liver glycogenolysis (42), an energy-costly 

process, and may initially lead to a transient rise in REE (25, 
40, 43). This metabolic shift also raises the circulating levels 
of nonesterified fatty acids (44, 45). An increased FatOx in 
the liver stimulates ketogenesis (46), which may contribute 
to the initial increase in REE (47, 48). Indeed, using an 

Figure 4. (A) Changes in body composition parameters from V1 are expressed as absolute values. Data are presented as mean ± SD. (B) Effect of 
weight loss induced by VLCKD on the proportion of total weight lost derived from FM and LST. 
Abbreviations: ALST, appendicular lean soft tissue; AFM, appendicular fat mass; BW, body weight; FM, fat mass; LST, lean soft tissue; TBF, trunk body fat.

Figure 5. Serum thyroid hormone and TSH concentrations prior to and following the start of VLCKD. Fasting blood samples were drawn at 07:30 AM 

prior to (pre-V1) and after exiting the chamber (V1), and at V2 and V3 upon exiting the metabolic chamber. At pre-V1, the measurement of TSH, FT4 and 
FT3 was available in 10 patients. *Adjusted P < .05 by Dunnet’s post hoc analysis. Error bars show the SE of the least-squares mean at each visit 
calculated using the repeated measures mixed model analysis. V1: first day of VLCKD; V2: day 8 of VLCKD; V3: day 29 of VLCKD.
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isocaloric KD, Hall et al (25) reported a slight increase in EE 
after 1 week of intervention.

In our study, we did not see any preservation of EE in our 
calorie restricted KD, with EE declining over time and culmin
ating in a significant reduction after 1 month. The overall state 
of negative energy balance, accompanied by a reduction in 
LST and decreased circulating thyroid hormone levels, may 
contribute to the observed decrease in EE. Additionally, re
duced insulin secretion per se may lead to an adaptive suppres
sion of EE (41). Meanwhile, the increase in FatOx, liver 
ketogenesis, and ketone oxidation, mainly in the brain and 
skeletal muscle, leads to a reduced whole-body respiratory ex
change ratio (40, 49). As assessed by measurement of body 
composition, our study shows a reduction in fat stores, due 
to increased lipolysis, that reflects the utilization of lipids 
and ketone bodies as preferred energy sources. Several studies 
have evaluated the impact of VLCKD on body composition, 
but the effect on the LST is still a matter of debate. In 20 pa
tients with obesity who lost 12% of body weight after 40 
days of VLCKD, the decrease in FM and fat-free mass 
(FFM) from baseline was about 17% and 8%, respectively 
(16). Similarly, after a 2 month-period of VLCKD, patients 
with obesity showed a 23% reduction of FM and 7% FFM 
(50). A recent metanalysis (15) evaluating the effects of 
VLCKD on body weight and composition across 14 studies 
(including noncontrolled, controlled, and randomized trials) 
demonstrated a significant mean reduction of 11 kg in FM 
and about 3 kg in FFM.

Our findings highlight the relevant impact of a VLCKD on 
body composition. The observed reduction in body weight 
(on average 7%) after 1 month was accounted for by a 
62% loss in fat body mass, primarily due to a 25% increase 
in FatOx, which already occurred 1 week after the initiation 
of VLCKD. More importantly, our results reveal a smaller 
yet notable 5.6% decrease in LST, which accounted for 
38% body weight loss. This latter result is in line with the re
duction reported in patients with obesity treated with antio
besity medications (retatrutide, semaglutide and tirzepatide) 
who showed a FFM decrease of 25% to 39% of their total 
weight loss (51).

When liver glycogen stores are depleted, gluconeogenesis 
from proteins becomes the primary source of plasma glucose. 
The need for glucose derived from proteolysis is partially lim
ited by ketone bodies, somewhat replacing glucose as fuel for 
the brain (52). The infusion of βOHB is indeed associated with 
lower leucine oxidation and higher protein synthesis in skel
etal muscle (53). Notably, our findings reveal that patients 
on a VLCKD increased ProtOx rates within the first 24 hours 

compared with those on an isocaloric balanced diet. This ele
vation persisted throughout the 1-month period of the diet, 
despite an overall reduction in 24hEE. These results are con
sistent with previous findings by Hall et al (25), who demon
strated an increase in ProtOx after 4 weeks of a KD, though 
isocaloric. To further explore the underlying mechanisms of 
LST loss during VLCKD, we can estimate nitrogen balance 
and its relationship with body composition changes. Our pa
tients exhibited a urinary nitrogen excretion of 12.5 g/day. 
Assuming a fecal nitrogen loss of 3 g/day (comprising both 
endogenous and exogenous nitrogen loss) (54-56), the total 
daily nitrogen loss is approximately 15.5 g. With a median 
daily nitrogen intake of 13.1 g, this results in a predicted 
negative nitrogen balance of 2.4 g/day. Over a 1-month peri
od, this would equate to a total nitrogen deficit of 72 g, cor
responding to 444 g of dried protein. Given that that 
protein content in LST is about 20% and water accounts 
for 75% (57), we estimate that the LST loss attributable to 
ProtOx in our cohort is around 2 kg. The remaining LST re
duction, bringing the total observed loss to 2.6 kg, is likely 
due to glycogen depletion (and its associated water loss) as 
well as a decrease in extracellular fluid, driven by increased 
renal sodium excretion associated with urinary 3-hydroxybu
tyrate excretion (58, 59).

VLCKD not only increases circulating ketones but also influ
ences the concentrations of many other energy substrates and 
hormones, including thyroid hormone. Several studies have 
shown that a reduction of carbohydrate intake is followed 
by a reduction in serum T3 and/or an increase in serum T4 
(60-63). Our study indicates that a VLCKD is associated 
with an early and sustained reduction in the FT3/FT4 ratio. 
All these findings align with earlier pivotal studies demonstrat
ing that starvation leads to decreased serum T3 concentrations 
and elevated levels of reverse T3 (64). This phenomenon can be 
attributed to a reduction in type 1 iodothyronine deiodinase 
activity in peripheral tissues (65), which, under conditions of 
caloric deprivation, leads to a diminished conversion of T4 
to its bioactive hormone, T3.

The VLCKD is considered safe in this setting because, des
pite common concerns about its potential side effects, the pa
tients in the study did not experience any significant adverse 
events. Specifically, no issues such as lethargy, halitosis, mi
graines, hypotension, constipation, gastrointestinal discom
fort, dehydration, electrolyte imbalances, or changes in renal 
function were observed. The absence of these side effects sug
gests good tolerability of the diet. These findings align with ex
isting evidence indicating that, when properly supervised, 
VLCKD is a safe dietary intervention (66).

Table 5. Changes in serum levels of lipids and insulin during the VLCKD intervention period at V1 and V3

V1 V3

Total cholesterol (mg/dL) 202.3 ± 23.3 (149.0; 246.0) 164.7 ± 25.4a (140.0; 204.0)
LDL (mg/dL) 117.3 ± 25.3 (93.0; 180.0) 96.3 ± 29.2a (49.0; 169.0)
HDL (mg/dL) 60.9 ± 18.1 (29.0; 100.0) 50.1 ± 14.7a (27.0; 87.0)
Triglycerides (mg/dL) 143.8 ± 80.3 (45.0; 386.0) 102.4 ± 32.8a (53.0; 171.0)
Insulin (mUI/L) 18.3 ± 13.6 (3.7; 49.5) 8.6 ± 6.1a (4.2; 19.0)

Data are expressed as mean with SD (minimum; maximum).
Abbreviations: HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLCKD, very-low-calorie ketogenic diet; V1: first day of VLCKD; V3: day 29 of 
VLCKD.
aP < .05 vs V1 by Student’s paired t-test.
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Our study has some limitations. The study design did not 
permit strict monitoring of adherence to the KD outside the 
clinical setting. However, measurements of blood and urinary 
ketone bodies, consistently taken prior to entering the meta
bolic chamber, indicated good compliance with the dietary 
intervention. Although both the intervention group and con
trols were instructed to follow an isocaloric balanced diet be
fore their first entry into the metabolic chamber, adherence 
verification was limited by the outpatient setting, and poten
tial carryover effects from the participants’ habitual diet prior 
to the study cannot be ruled out. The study design is not a 
case–control intervention; therefore, causality cannot be de
finitively established, and the observed effects may not be sole
ly attributable to VLCKD. Including male patients and 
incorporating additional hormonal measurements could offer 
deeper insights into the mechanisms underlying the metabolic 
effects of VLCKD. A follow-up reassessment after the active 
phase of VLCKD will be crucial to determine whether meta
bolic adaptations occur during the reintroduction and main
tenance phases.

In conclusion, the current study confirms the efficacy of a 
VLCKD in promoting significant weight loss and improving 
metabolic status of women with obesity. Our findings ob
tained using a whole room indirect calorimetry (metabolic 
chamber) highlight a shift in energy metabolism towards 
increased FatOx, driven by reduced carbohydrate intake and 
enhanced ketone utilization. However, patients on VLCKD 
experienced increased ProtOx as early as the first 24 hours, 
which persisted throughout the 1-month dietary period. 
This phenomenon may contribute to the reduction of LST 
and the subsequent decrease in EE, potentially indicating 
metabolic adaptation. These findings underscore the need 
for caution in selecting patients who may benefit from this 
diet, as well as the importance of supporting measures (multi
disciplinary care, controlled clinical settings, and a tailored 
approach to physical activity) to mitigate the chances of long- 
term weight regain.
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