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Abstract

Purpose of Review The ketogenic diet (KD) has gained clinical attention for its potential benefits in weight loss and meta-
bolic syndrome. By mimicking fasting through carbohydrate (CHO) restriction, KD shifts energy utilization to ketone bodies
(KB) instead of glucose. Despite promising results, the effects on different weight loss indicators remain controversial, with
challenges in monitoring adherence standards, optimal macronutrient composition, potential risks, and long-term sustain-
ability. This article aims to review the different weight-loss outcomes of KD interventions for obesity, monitored by KB
(adherence indication).

Recent Findings Current literature on KD interventions for obesity weight loss monitored by KB show reduction in differ-
ent outcomes, including body weight, body mass index, waist circumference, visceral adipose tissue, fat mass, and body fat
percentage. Minor decreases in lean body mass and skeletal muscle mass were noted without resistance training. Variability
existed in adherence (KB markers), CHO intake (7-27% of daily energy), diet duration (28 days to 12 months), and follow-
up frequency (weekly to biannual). KD, particularly accompanied by exercise, positively influenced appetite regulation.
Summary KD interventions improves weight-related outcomes in participants with obesity but presents challenges in lean
body mass reduction without resistance training and adherence variability. Standardizing methodologies, refining interven-
tions and suitability to sub-populations, setting KB markers, and defining clinical relevance are essential for optimizing KD

effectiveness.
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Introduction
What is the Ketogenic Diet (KD)?

The KD is characterized by a dietary composition that
induces an elevation in blood Ketone Bodies (KBs), namely
a state of nutritional ketosis [1-10]. KD mimics a condi-
tion of fasting without the negative consequences of starva-
tion [2, 3, 6, 9—11], resulting in a shift in the body's main
energy source from glucose to KBs. The initial clinical use
of KD began in the early 1900s to manage epilepsy and
minimize seizure activity [8, 12—14]. By inducing ketosis,
patients had mitigation of seizure activity and improvements
in cognitive function, highlighting the capacity for ketones
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to provide energy to the brain. From the 1960s onwards,
very low carbohydrate KDs (VLCKD) have become a com-
mon method for obesity treatment [2, 15]. Scientific studies
over the last few decades have provided evidence for the
therapeutic potential of KDs in many other pathological con-
ditions, including Type 2 Diabetes Mellitus (T2DM), poly-
cystic ovarian syndrome (PCOS), acne, neurologic diseases
(epilepsy, Alzheimer’s, stroke), cancer, and the amelioration
of respiratory and cardiovascular (CVD) risk factors [1, 2,
4-6, 11, 16, 17].

Therapeutic KD, unlike any low carbohydrate diet
(LCD), consists of limited carbohydrate (CHO), mostly
to a maximum of 50 gr/day, high fat, and moderate protein
content [2, 7, 10, 11, 13, 18, 19]. However, total CHO
can be lowered to 30 gr/day to adapt more effectively to
the body’s use of KBs. Concurrently, dietary fat increases
to 70-80% of total calories, while protein comprises
20%. However, different protein/fat ratios are commonly
adopted [2, 10]. Additionally, the KD composition consists
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of minimally processed food products. The KD food items
frequently recommended include eggs, meat, and fish
(particularly oily fish), plant oils (e.g., olive oil and coco-
nut oil), giblets (e.g., the liver, heart, and kidneys), non-
starchy vegetables (all, but primarily greens, i.e., broc-
coli, spinach, lettuce, arugula, and kale), avocado, olives,
and nuts [10]. During periods of low CHO intake, fasting,
intense exercise, starvation, or due to a complete lack of
insulin in untreated type I Diabetes, glycogen depletion
occurs, and blood glucose and glycogen stores are mini-
mized. Consequently, resulting in the induced production
of water-soluble KBs or ketones]e.g., Acetoacetate, Beta-
Hydroxy- Butyrate (BHB), and Acetone], by the liver from
fatty acids (FA) as a source of energy [9, 16, 17]. The
hormonal activation of lipolysis and ketogenesis is medi-
ated by epinephrine and glucagon and opposed by insu-
lin. glucagon stimulates adipose tissue lipolysis to release
stored FA, which is routed to the liver and stimulates liver
glycogenolysis to restore blood glucose. In addition to
forming ketones, FA can be converted to acetyl CoA—
an intermediary substrate between FA oxidation and the
metabolism of glucose that enters the citric acid cycle and
then undergoes oxidative phosphorylation for ATP genera-
tion [9, 16], (Graphical abstract). Conversely, in response
to high blood glucose (i.e., after a high CHO meal), insulin
levels rise and shut off ketogenesis in favor of De Novo
lipogenesis (DNL) and fat storage. Thus, ketosis represents
a metabolic shift from an insulin-dependent glucose-based
energy system to an enhanced capacity to utilize dietary
and stored fat as fuel [2, 3, 5, 6, 9, 11, 14, 16, 20-24].
This process generates fat-derived energy in the liver and
then shipped throughout the body to supply energy to the
renal cortex, heart, and skeletal muscles [3, 4, 25, 26].
Furthermore, ketones can cross the blood—brain barrier
and replace glucose as the primary energy source for the
brain [27]. Ketones can provide up to 60% of ATP required
by the body; the remainder is derived from endogenous
gluconeogenesis that utilizes glycerol from triglycerides
(TG) and glucogenic amino acids from protein for glu-
cose production. Nutritional ketosis can be defined as the
intentional restriction of dietary CHO intake to accelerate
the production of ketones and induce a metabolic effect
that stabilizes blood sugar, minimizes insulin release, and
thereby mitigates the downstream anabolic and tumori-
genic effects of longstanding insulin resistance (IR). The
hallmark of nutritional ketosis is blood ketone (BK) levels
of 0.5 to 3 mm/L [2, 7, 10, 15, 16, 23]. This contrasts with,
and should not be confused with, the pathophysiologic
state of type 1 diabetic ketoacidosis (DKA), where ketone
levels are 5—tenfold higher. Additionally, while the body
maintains normal pH and blood glucose levels in nutri-
tional ketosis, DKA is associated with extremely elevated
blood glucose and acidic PH [2, 12, 15, 16, 23].

@ Springer

Different Compositions of KD

A broad spectrum of KD definitions and macronutrient
compositions exist, with some being “stricter” than others
[2, 6]. Overall, the KD reverses the typical dietary pyramid
use of macronutrients, promoting a restrained CHO intake
and more liberal consumption of proteins and fats [5]. The
four main KD types are: 1. The classic KD is high in fat-
90% of the total energy intake (TEI), and low in CHO
and proteins. The ratio (gram) of fat to CHO and protein
is 4:1. Classic KD is a strict diet, that needs to be closely
monitored. 2. The medium-chain TG (MCT) diet allows
for more generous intakes of protein and CHO and uses
MCT oil as a source of dietary fat. 3. The modified Atkins
diet (MAD) is freestyle, allowing for a free intake of fat,
protein, energy, and fluids, while limiting CHO intake to
10-15 gr/day in the first month, subsequently increasing
to 20 gr/day. 4. A low glycemic index (LGI) diet, based on
KD glucose-lowering effect. LGI permits 10% of TEI to
come from foods with an LGI (below 50) [2, 4, 9]. Beyond
the 4 main KD types, other popular dietary compositions
restricting CHO exist, such as the LCD, which restricts
CHO to < 130 gr/day. However, not all LCDs induce
nutritional ketosis, which occurs only when the intake of
CHO is <50 gr/day [5, 6, 24, 28]. Thus, special attention
should be given to the definition of the diet. Furthermore,
any lack of demonstrable favorable effects following non-
KDs should not be extrapolated to that of KDs, as other
dietary approaches significantly differ in their metabolic
and physiological impacts [6, 28]. This review focuses on
KD without or with a moderate calorie restriction as a
nutritional treatment for obesity weight loss.

Obesity and KD

The KD has regained attention as medical nutrition ther-
apy (MNT) for overweight, obesity, Metabolic syndrome,
and T2DM [2-4, 11, 13, 19, 21, 28-30]. These conditions
are often linked to CHO intolerance and IR, suggesting
that reducing dietary CHO intake may improve metabolic
health [5]. Some studies have shown significant benefits
of adhering to restricted CHO intake (<50 gr/day) even
for relatively short durations, such as six months [7].

These findings highlight the potential of the KD as a
viable approach for managing obesity and related disor-
ders, warranting further investigation into its long-term
effectiveness and safety. Emerging evidence suggests that
KD can be considered a first-line MNT for obesity man-
agement due to its ability to suppress hunger, reduce lipo-
genesis, increase lipolysis, enhance metabolic efficiency
for fat utilization, and boost energy expenditure [1].
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There are several suggested mechanisms through which
KD may improve weight management, in brief:

1. Reduction in energy intake [4, 11]. Various factors
contribute to this reduction, such as:

e Increased energy availability during the late post-
prandial period which helps sustain energy levels [5,
23],

e Improved food quality in KD, characterized by
nutrient-dense, low-glycemic, and satiating foods,
leads to a natural reduction in energy intake by pro-
longing fullness and stabilizing blood sugar levels
[23, 31],

e Hormonal changes that impact hunger, including
reduced ghrelin, and increased levels of glucagon-
like peptide-1 (GLP1), adiponectin, and cholecysto-
kinin (CCK), all of which contribute to a decreased
perception of hunger [2, 3, 5, 6, 9, 11, 13, 14, 16,
21, 23, 31, 32].

o Nutritional ketosis itself, where KBs exert anorexi-
genic effects, reducing appetite and promoting satiety
[3,6,9, 12, 14, 16, 20, 33, 34].

o Satiety driven by the higher protein intake typically
associated with KD, which helps to prolong feelings
of fullness [13, 16, 23, 32].

2. Reduction in highly processed, or “ultra-processed”
food consumption.

KD naturally limits the intake of Ultra-processed
foods which are energy-dense and nutrient-poor.
These foods, often high in sugar, salt, and fats, are
linked to increased energy consumption and weight
gain [23, 35, 36].

3. Insulin reduction and improved metabolic regulation
that contributes to:

e Down-regulation of anabolic pathways [3, 9, 11,
29, 29, 31, 37].

e Promotion of fat oxidation and depletion of adipose
tissue stores, leading to weight loss [37].

e Alleviation of IR through reduced external insulin
requirements and secretion [3, 6, 9, 11, 16, 22, 28,
29, 37]

e Direct insulin-sensitizing effects of the KD due to
its low CHO content [5, 6, 16].

4. Enhancing fat oxidation and energy expenditure.

e KD increases fat oxidation, lowers the respiratory
quotient (RQ), and reduces visceral adipose tissue
(VAT) [9, 16, 31].

Limitations and Challenges

Despite its therapeutic potential, there is a lack of longitu-
dinal data on the long-term effects of KD. Concerns have
been raised about the potential negative impact of long-
term low-CHO, high-fat KD practices, on adherence, and
the risk of CVD, especially when evaluated through the lens
of the traditional high-CHO, low-fat atherogenic model [2,
6, 38]. However, emerging research increasingly challenges
the long-standing recommendations of low-fat, high-CHO
for CVD prevention, promoting a reassessment of current
global dietary guidelines. Nevertheless, studies specifically
examining the health effects of very high-fat consumption
over the long term remain limited, leaving critical gaps in
understanding its impact on overall health (5].

One commonly cited limitation of KDs is their potentially
low micronutrient content, which could lead to nutrient defi-
ciencies if not managed properly [5-7, 23, 39]. For instance,
while thiamine deficiency has been reported in some cases,
other consistent deficiencies have not been widely observed
in the literature. To reduce this risk, it is typically advised
to carefully plan the diet, incorporating nutrient-dense low-
carb vegetables, fortified foods, or supplements to ensure
sufficient intake of essential micronutrients [2, 5, 23].

Concerns have been raised about muscle mass and bone
health in individuals following KDs, especially for those
engaging in prolonged CHO restriction. The reduced avail-
ability of CHO may impact muscle glycogen stores and
exercise performance, potentially influencing muscle main-
tenance. To address this, ensuring sufficient protein intake
and engaging in regular resistance training can help preserve
muscle mass on a KD [5, 6, 40]. Vitamin D metabolism
and bone health are additional areas of concern. The lim-
ited intake of vitamin D-rich foods on a KD, along with the
ketogenic state itself, may affect calcium and bone metabo-
lism. To mitigate these challenges, incorporating vitamin
D supplements, consuming calcium-rich ketogenic-friendly
foods, and monitoring bone health markers can help address
these concerns effectively. These preventive measures may
alleviate many of the diet's potential limitations [5].

While some studies suggest that KDs can provide short-
term benefits for managing T2DM and obesity, questions
about their long-term safety remain. For example, research
on the potential impact of KDs on renal function is lim-
ited, especially given the higher protein intake typically
associated with the diet. This raises concerns about kidney
stress or damage, particularly for individuals with pre-
existing kidney conditions. Regular monitoring of renal
markers and adjusting protein intake according to individ-
ual health status can help reduce these risks [5, 7]. Another
area that requires further investigation is the effect of KDs
on gut microbiota. The diet's low fiber content and altered
macronutrient ratios may influence microbial diversity
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and gut health. Changes in microbiota composition could
affect inflammation, digestion, and metabolic health. To
support gut health on a KD, including fiber-rich, low-carb
foods and considering probiotic supplementation may be
beneficial [5, 7].

Endocrine changes are also a potential concern, as the
restrictive nature of KDs and altered hormonal environ-
ments may affect reproductive health, thyroid function,
and other hormonal systems. These potential effects
highlight the need for individualized monitoring and diet
modifications, ensuring the KD aligns with both short-
term objectives and long-term health outcomes. Further
research is needed to better understand and address these
issues [7, 41].

KDs are not recommended for certain special condi-
tions and populations [42]. For instance, children follow-
ing such a strict diet may experience developmental issues,
fatigue, and an increased long-term risk of CVD disease
[2, 6]. Animal studies suggest that elevated ketone con-
centrations during pregnancy could have harmful effects
on both the fetus and mother [2, 6]. However, the precise
pathophysiological mechanisms remain unclear [2]. KDs
are also challenging for type 1 diabetes patients due to the
risk of hypoglycemia and ketoacidosis [2, 6]. There are
concerns about KDs in individuals with kidney disease due
to the high protein content, which could worsen kidney
function decline and increase the risk of kidney stones
from higher urinary calcium and reduced citrate levels.
A vegetarian KD may offer a safer alternative, reducing
the acid load and improving kidney health outcomes. For
those with chronic kidney disease, individualized dietary
planning is essential [43]. Additionally, KDs can lead to
an increase in uric acid levels, especially during the initial
phase when rapid weight loss and heightened ketone pro-
duction occur. While this rise in uric acid raises concerns
about gout, an attack is not always triggered. After the
adaptation phase, gout attacks tend to decrease as uric acid
levels stabilize. Maintaining proper hydration and moni-
toring uric acid levels can help minimize the risk, and the

Table 1 Inclusion criteria

body's adaptation to the ketogenic state may ultimately
reduce the frequency of gout flare-ups [44].

Aim

This narrative review focuses on the effects of KD weight-
loss interventions monitored by KB on weight-related
indicators, including body mass index (BMI), body weight
(BW), fat mass (FM), waist circumference (WC), lean
body mass (LBM), waist-to-hip ratio (WHR), visceral adi-
pose tissue (VAT), body fat percentage (BFP), and appetite
in individuals with obesity.

Methods

A literature search was conducted on PubMed. Inclusion
criteria were clinical, and intervention trials published in
English over the past five years, involving adult human
participants with obesity implementing a KD for weight
loss and reporting KB. Search terms included “obesity”
OR “overweight” AND “Diet, Ketogenic” OR “ketogenic
diet” OR “keto diet” OR “very low carbohydrate diet” OR
“low carbohydrate diet” OR "Low-calorie ketogenic diet".
Exclusion criteria included studies involving children,
adolescents, type 1 diabetes, pregnancy, non-ketogenic or
very low-calorie interventions, bariatric surgery, or tri-
als that did not measure KBs or used ketone supplements
(Table 1).

Results

Following inclusion and exclusion criteria, 16 out of 156
were included (four single-arm with no control group trials,
and 12 randomized trials with 2—4 control groups).

Table 2 summarizes the included studies.

Criterion Description
Population ~ Adult human participants with obesity
Concept Studies exploring the effects of KD interventions on weight-related indicators (such as BW, FM, and WC) in individuals with
obesity. studies involving children, adolescents, type 1 diabetes, pregnancy, non-ketogenic or very low-calorie interventions,
bariatric surgery, or trials that did not measure KBs or used ketone supplements were not considered
Context Any setting where adults with obesity participated in a KD intervention study aiming to reduce weight, and reporting KB. Studies
aimed to treat other chronic nutrition related diseases were not considered
Types of Peer-reviewed primary intervention research studies, full-text available in English, studies published between 2019-2024, includ-
Evidence ing qualitative and quantitative study designs
Source

@ Springer
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Table 3 The composition of KD in studies (% EI)

KD composition (% EI)

CHO Fat Protein
Mean 15 60 25
Standard error 2.3 3.5 1
Median 10 63 24.7
SD 8.9 13.8 4
Sample variance 78.9 190.8 16.1
Range 22.5 44.2 12
Minimum 4.8 30.8 20
Maximum 27.3 75 32
Composition of the KD

Table 3 summarizes the composition of macronutrients of
different diets as detailed in ten studies that reported calorie
intake [12-14, 19, 25-27, 30, 33, 45].

In nine studies [8, 12, 14, 17, 24-26, 30, 45] participants
in the KD were allowed ad libitum calorie consumption.
In the study by Mohorko et al., [13], a calorie restriction of
1200-1500 kcal/day was implemented only during the first two
weeks out of 12 weeks, with, EI unrestricted after week two.
Similarly, participants in the study by Sethi et al., [27] were not
required to count calories but were instructed to consume at
least 1200 kcal/day. EI was not reported in six studies [8, 17, 24,
40, 46, 47], while the average calorie consumption in ten stud-
ies [12-14, 20, 25-27, 30, 33, 44] was 1634 kcal/day. None of
the studies imposed a KD with an EI lower than 1200 kcal/day
(maximum energy consumption was 2170 kcal/day) (Table 3).

Effect of KD Intervention on Anthropometric
Parameters

Weight Reduction

Most studies (14 out of 16, Table 2) demonstrated significant
reductions in BW and body mass index (BMI) following a
KD compared to control groups, usually calorie-restricted,
low-fat diets (LFD). However, these reductions were less
pronounced when the control diet closely mirrored the
composition of the KD. For instance, Kikutchi et al., [24]
observed substantial BW and BMI improvements in obese
adults after a 2-month intervention with both an LCD and
a very low-CHO diet (VLCD), with no significant differ-
ences between the two diets. Similarly, Guevara-Cruz et al.,
[47] didn't find significant differences between 3 groups of
intervention (calorie-restricted diet, intermittent fasting, and
KD) in all tested parameters: BW, BMI, WC, Visceral fat
area (VFA), and BFP.

wcC

In the study of Kikuchi et al.,[24], the Mediterranean diet
(MD) and KD led to significant reductions in WC, but no sta-
tistical difference was found between the two diets. Similarly,
Guevara-Cruz et al., [47] demonstrated a reduction in WC in
three groups of intervention with no differences between the
groups.

Lean Body Mass (LBM) and Skeletal Muscle Mass (SMM)

Mohorko et al., [13] noted a two-fold greater decrease in
LBM among males compared to females. The loss of LBM
continued progressively until week 12 only in males.

Paoli et al., [12] observed a reduction of less than 1 kg in
absolute LBM; however, they reported an overall improve-
ment in body composition, with a mean 7% increase in
LBM percentage due to a significant FM loss. Valinejad and
Khodaei[14] examined the role of physical activity across
three groups following KD: KD alone, KD with aerobic
training, and KD with resistance training. Their findings
showed that combining KD with resistance training led to
a 2.7 kg increase in LBM. In contrast, significant decreases
in LBM were observed in the KD alone group (—1.3 kg)
and the KD with aerobic training group (—1.7 kg). Luong
et al., [17] found a reduction of 1.4 kg of LBM only in the
KD group. Perissiou et al., [40], measured the lean muscle
mass (LMM) volume and reported a decrease of 854+ 1670
cm’ after 8 weeks of KD + aerobic and resistance training.
4 studies [8, 27, 46, 47] measured SMM, with a combined
mean reduction of 1.4 kg. Guevara-Cruz et el., [47] found
an average increase of 1.1 kg in SMM after all interventions
groups.

Table 4 summarizes the combined mean changes of major
anthropometric outcomes of KD.

Characteristics of the Studies
Online vs Frontal Meeting

Most studies relied on in-person meetings and nutritional
guidance provided by a qualified team [8, 12, 13, 17, 19, 24,
27,30, 40, 45-48]. Pinsawas et al., [30] used both in-person
and online meetings, and three studies [14, 25, 26] used only
online meetings.

Table 4 summarizes some other characteristics of the
studies:

KD adherence -Methods used to Evaluate Adherence
to the KD

Table 4 summarizes the methods used to measure ketone
levels.
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Table 4 Study Characteristics, Outcomes, and Methods

Parameter/Characteristic Value

Combined mean change (number
of studies; duration)

—7.9 (16 studies; 16.2+11.8

Outcomes

Body Weight (BW) (kg)

weeks)

Body Mass Index (BMI) (kg/m?) —3.2 (11 studies; 12.3+6.9
weeks)

Waist Circumference (WC) (cm) —7.2 (8 studies; 15.5+14.5
weeks)

Visceral Adipose Tissue (VAT)  —2095.7 (3 studies; 17.3 +6.1
(ml) weeks)

Total Fat Mass (FM) (kg) —8.2 (4 studies; 9.8 +4.5 weeks)
Body Fat Percentage (BFP) (%) —3.5% (6 studies; 10.5+7.2

weeks)

Waist-to-hip ratio (WHR) —0.025 (3 studies; 10.7+2.3
weeks)

Visceral Fat Area (VFA) (cm?) —27.3 (3 studies; 10.7+2.3
weeks)

Lean Body Mass (LBM) (kg)

Skeletal Muscle Mass (SMM)
(kg)

Study Characteristics

—1.8 (6 studies; 14.5+8.1 weeks)
—1.4 (4 studies; 15+5.9 weeks)

Follow-up period (mean) 16.2 weeks
Follow-up period (range) 3-52 weeks
Number of participants (mean) 63

Number of participants (range)  11-200

Frequency of meetings (mean) Every 4.5 weeks

Frequency of meetings (range) weekly to 6 times/year

Methods for Measuring Ketones Number of studies

Urine 7 studies
Blood 8 studies
Breath 2 studies

? Perissiou et al., [40] found a significant average reduction of
2.4+5.7% in BFP after 8 weeks in two groups (KD and control) with
no significant differences between the groups

b Participants in the study by Michalczyk et al. [19] measured ketones
in blood or urine

BK's were measured by researchers in eight studies [12,
13, 17,24, 27, 30, 40, 47], while in two studies, participants
self-measured breath acetone (BrAce) [25, 26], and in seven
studies, participants used urine ketone sticks [8, 14, 19,
45-48]. Michalczyk et al., [19] used both blood and urine
methods. Out of 16, only in nine studies [8, 12, 14, 17, 19,
24-26, 45], participants were in ketosis during the follow-up
periods. Valinejad and Khodaei [14] excluded participants
whose urine ketone levels were below 4 mmol/dl. Similarly,
Luong et al., [17] excluded participants whose BK's were
below 0.3 mmol/l. Sethi et al., [27] categorized participants
as adherent if their BK levels were within 0.5-5 mmol/l
for 80-100% of measurements, semi-adherent for 50-79%
of measurements, and non-adherent if this threshold was
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achieved in less than 50% of measurements. Perissiou et al.,
[40] stratified participants based on the BK levels (BHB of
0.3 mmol/L > achieved ketosis; BHB of 0.3 <not in ketosis).
In the study of Pinsawas et al. [30], only 11% of the par-
ticipants met the nutritional ketosis threshold of BHB > 0.5
mmol/L, whereas others met borderline criteria (4%) or
remained below this level (85%). Four studies [13, 46—48]
did measure KB, however they didn't report the ketone levels
of their participants. (Table 4).

KD Adherence -Dietary Follow-Up

Different nutritional approaches were used to monitor nutri-
tional adherence. Ten studies employed food record meth-
odologies, four studies utilized a 3-day food record [13, 19,
30, 45], five studies [14, 24-26, 40] used 24-h dietary intake
daily monitored by the research team, and Guevara-Cruz
et al., [47] used both 24-h dietary intake and 3-day food
record.

The Impact of Ketone Levels on Weight-related
Outcomes

Only three studies have directly examined the correla-
tion between ketone levels or ketosis (BK levels typically
between 0.5-5 mmol/L) and changes in body composition
or weight loss. Falkenhain et al., [26], analyzed data from a
digital KD intervention and observed that higher ketone lev-
els were strongly correlated with greater weight loss. Sethi
et al. [27], conducted a pilot trial in individuals with bipolar
disorder and schizophrenia and found that participants who
achieved consistent adherence to ketosis (ketone levels > 0.5
mmol/L for more than 80% of measurements) demonstrated
significantly greater reductions in weight, FM, WC, and
VAT compared to those with partial adherence (ketone lev-
els > 0.5 mmol/L for 60-80% of measurements). Lastly, Per-
issiou et al., [40] investigated the impact of a LCD combined
with exercise. They reported that achieving a ketogenic state
(ketone levels > 0.3 mmol/L) was associated with a signifi-
cant decrease in total BFP, VAT, and FMI. However, this
study also noted a reduction in LMM during ketosis, high-
lighting a potential trade-off in body composition.

These findings collectively suggest that the degree and
consistency of ketosis may influence the extent of weight
and fat loss, with higher or more sustained ketone levels
being associated with more pronounced changes. However,
individual variability and potential impacts on LBM warrant
further investigation.

KD and Sex Differences

Only a few studies have examined the impact of sex on weight
loss outcomes following a KD intervention. Mohorko et al.,
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[13] reported significantly greater absolute weight loss in
males compared to females (—18 +9 kg in males vs. —11+3
kg in females). However, when weight loss was expressed as a
percentage of baseline body weight, no significant sex differ-
ences were observed. Al Aamri et al., [8] found no significant
differences in weight reduction between males and females
following KD.

The Impact of Physical Activity on Outcomes

Five studies [14, 40, 45, 46, 48] included physical activity in their
intervention. Sun et al., [45] found that incorporated exercise
training had no additional effects on weight loss. Li et al., [48]
and Wu et al., [46] didn't analyze the impact of physical activity
on anthropometric outcomes. Valinejad and Khodaei [14] found
that resistance training positively affected LBM; participants
implementing the KD with resistance training gained 2.66 kg
while losing 5.6 kg during 6 weeks of intervention. In contrast,
participants receiving only KD or even KD with aerobic training
lost LBM. Perissiou et al., [40] gave their participants aerobic and
resistance training and found that only the control group didn't
lose LBM. Moreover, the reduction of FM wasn't statistically
different between them and the ketogenic group.

The Impact of Medical Treatment for Obesity

Wu et al., [46] found that participants receiving the GLP-1RA
medication beinaglutide did not achieve statistically superior
outcomes in BW, total FM, body fat, BFP, or VAT compared
to those following a KD without medication. Similarly, Al
Aamri et al. [8], reported no significant differences in mean
weight reduction between participants using liraglutide and
non-liraglutide users, regardless of whether they followed a
VLCD or a low-calorie, low-fat control diet.

Effect of the KD on Satiety

Only two studies [13, 14] assessed the impact of the KD on
satiety. In the study by Mohorko et al., [13] participants on
a 12-week KD experienced reduced appetite and emotional
eating. Similarly, the study by Valinejad and Khodaei [14]
found that combining exercise with a KD effectively altered
appetite-regulating hormones and suppressed appetite sensa-
tion in overweight or obese men. These findings suggest that
KDs, especially when combined with exercise, can positively
influence appetite regulation and support weight management.

Discussion

Current evidence supports the effectiveness of the KD
for weight loss, demonstrating results comparable to
pharmacological interventions. However, improper

implementation can lead to risks, underscoring the
importance of structured guidance. A notable limitation
observed in several studies is the reduction in fat free mass
(FFM), particularly among males or individuals following
a KD without incorporating resistance training [8, 12—14,
17]. Ketosis, while promoting fat loss through water excre-
tion and reduced insulin levels, may inhibit proteolysis,
potentially contributing to a decrease in LMM [40].

Few studies have examined the effects of the KD on LBM.
Among the available research, findings suggest that combin-
ing resistance training with a KD may mitigate reductions
in LBM and could even promote increases in FFM. This
emphasizes the need for individualized, structured guidance
from healthcare professionals to optimize outcomes [6, 8,
23, 26, 49]. Alongside concerns about LMM loss, several
studies documented mild or no side effects from the KD,
such as headaches, fatigue, and gastrointestinal discomfort,
mostly during the adaptation phase [8, 16, 24-27, 45, 46].
These findings highlight the importance of continuous moni-
toring and the development of strategies to minimize side
effects, as they can influence adherence and patient safety.
Standardizing weight loss indicators, such as WC, BFP, and
VAT, is critical to ensure consistency across studies. These
metrics offer valuable insights beyond BMI, with WC and
VAT being particularly important due to their strong associa-
tions with metabolic and CVD risks [22, 28, 50]. WC meas-
urement is especially practical, being simple, non-invasive,
and widely accessible, making it suitable for use in both
clinical and field settings as a predictor of abdominal fat and
associated health risks.

Gender differences in response to the KD and weight
loss remain an important area of investigation, considering
the physical and biological disparities between men and
women. Further research is needed to clarify these dif-
ferences and refine dietary recommendations accordingly.

Adherence to the KD is often assessed using self-
reported dietary records, which are prone to underreport-
ing. Measuring ketone levels provides a more objective
alternative but requires standardization across methods.
While BK remains the gold standard, BrAce is emerging
as a sensitive and practical alternative, especially at lower
ketone levels where BrAce shows greater sensitivity to
change than BK [2, 51]. Urine samples, though common,
are not typically assessed quantitatively for acetoacetate,
leading to significant measurement uncertainty [51].

The correlation between ketone levels and weight loss
outcomes warrants further investigation, as higher BK
levels have been linked to improved results in a limited
number of studies [26, 27, 40].

The optimal CHO threshold and duration for maximiz-
ing benefits while maintaining adherence remain unre-
solved [1, 5, 6, 15, 23]. Despite its increasing popularity,
many questions persist about the design, effectiveness,
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and long-term applicability of the KD for weight loss.
Key challenges include small sample sizes, short inter-
vention durations, and inconsistent definitions of ketosis
and CHO thresholds in numerous studies [4, 6, 8, 10, 15,
16, 23, 28, 32, 34, 52]. Adherence to the KD, while com-
parable to other dietary approaches [23, 24, 53], is influ-
enced by its restrictive nature and psychosocial factors,
such as practical barriers to identifying compliant foods
and limited social support [6, 23, 28]. Dietary satisfaction
and perceived success in weight loss are critical factors
for enhancing adherence, as they promote motivation and
health awareness [7, 16, 24, 26, 36]. Developing tailored
strategies to address psychosocial challenges and incorpo-
rating resistance training can mitigate risks such as FFM
loss and improve outcomes.

KD can reduce appetite and improve eating behaviors,
contributing to better adherence. Additionally, diet influ-
ences appetite-regulating hormones, which may further
aid in weight management, especially when combined with
resistance training. However, further research is needed to
better understand the long-term effects of the KD on satiety
and its role in sustaining weight loss.

Limitations

Despite meeting the inclusion criteria for clinical interven-
tion and ketone measurement, the cited studies exhibited
significant variability in several key aspects. There was a
lack of standardization in measuring ketones, leading to
inconsistencies in reported outcomes. Additionally, the
studies differed in their follow-up periods, dietary compo-
sitions, and intervention protocols, making direct compari-
sons challenging. This variability is not unique to the stud-
ies included in this review but reflects a broader limitation
in KD research. Differences in study design, sample size,
and measurement techniques are common, complicating
the interpretation and generalizability of findings. Overall,
these variations highlight the need for more standardized
methodologies and consistent outcome measures to improve
comparability and reliability in this field.

Future Directions

Long-term studies are essential to evaluate the sustainability
of the KD and its effects on weight loss maintenance, lean
mass preservation, and metabolic health markers. Larger,
long-term studies with standardized methodologies are
needed to fully understand the potential of the KD. These
studies should include comprehensive evaluations of key
obesity markers, such as VAT and WC, as well as adherence
assessments. Advances in ketone monitoring technology and
individualized dietary prescriptions will be vital for refining
the KD as a sustainable and effective weight loss strategy.

@ Springer

Conclusion

When implemented correctly, the KD has significant poten-
tial as a weight-loss strategy. To achieve consistent and sus-
tainable results, it is crucial to standardize dietary protocols,
comprehensively monitor ketosis and body composition, and
provide robust support mechanisms. Addressing the gaps
identified in this review will optimize KD's application in
clinical and research settings.
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