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Abstract
Introduction:

The Lean Mass Hyper-Responder (LMHR) phenotype is a distinct lipid profile observed in
individuals following carbohydrate-restrictive diets (CRDs), such as ketogenic or carnivore
diets. This phenotype is characterized by markedly elevated low-density lipoprotein cholesterol
(LDL-C), high high-density lipoprotein cholesterol (HDL-C), and low triglycerides (TG).
Understanding the mechanisms and clinical implications of LMHR is crucial given its potential

impact on cardiovascular risk assessment.

Materials and methods:

We reviewed recent studies investigating the epidemiology, metabolic mechanisms, and clinical
outcomes of the LMHR phenotype. Particular focus was given to the Lipid Energy Model
hypothesis and coronary computed tomography angiography findings.

Results:

The LMHR phenotype presents with LDL-C >200 mg/dL, HDL-C >80 mg/dL, and TG <70
mg/dL, differing from classical atherogenic dyslipidemia. The Lipid Energy Model suggests
that increased reliance on triglyceride-rich lipoproteins as an energy source underlies these lipid
alterations. Observational data show no significant difference in plaque burden or progression
between LMHR individuals and matched controls, despite elevated LDL-C levels. Results from
large dietary studies present no significant correlation between CVD and following
carbohydrate restriction, which further supports the hypothesis and points out the necessity of

the intensive research in this field.

Conclusions:

While elevated LDL-C traditionally indicates increased cardiovascular risk, current evidence
suggests heterogeneity within the LMHR population, with no clear correlation between high
LDL-C and atherosclerotic progression. Long-term prospective studies are needed to clarify the

clinical significance of this phenotype and guide risk assessment in individuals on CRD.
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Background

According to WHO data, ischemic heart disease is the leading cause of death, responsible for
13% of mortality worldwide. LDL-c is considered to be strongly associated with arteriosclerosis,
ischemic heart disease, and other diseases related to the buildup of flow-restricting plaque in
the arteries since the Framingham Heart Study—which established such a correlation—was
published [1]. LDL plays a critical role in the pathogenesis of arteriosclerosis. LDL particles
penetrate the damaged endothelium of large and medium-sized arteries and gather in the intima
layer, where they are oxidized [2,3]. Oxidized LDL exhibits pro-inflammatory and chemotactic
properties, leading to the expression of VCAM-1 and ICAM-1 molecules that enable adhesion
of monocytes to the artery endothelial cells. After migrating to the inflamed intima, stimulated
monocytes start internalizing ox-LDL particles with the use of scavenger receptors, becoming
lipid-laden macrophages called foam cells [2]. Further chronic inflammation in the site of
arteriosclerotic plaque initiates its remodeling—migration and proliferation of vascular smooth
muscle cells (VSMCs), creation of a fibrous cap, and calcification [3]. Because of the rather
irreversible nature of arteriosclerotic plaque that underwent remodeling [2], prevention remains
a crucial aspect of cardiovascular health and longevity [4]. As ketogenic diets become more and
more popular, new opportunities and challenges for physicians and researchers arise. Evidence
shows that some of those individuals consuming carbohydrate-restrictive diets experience a rise
in LDL-c [5, 6, 7, 8, 9]. In 2022, a new and unique phenotype among these individuals with
significantly elevated LDL-c and HDL-c was described, creating a challenge for cardiovascular

disease prediction in this population.

Definition and Criteria of the LMHR Phenotype

Among people on a low-carbohydrate diet (defined as consumption of less than 130 g of
carbohydrates per day, with a mean consumption of 27 g per day), some experience a dramatic
rise in total cholesterol and LDL-c [5, 6, 7, 8, 9]. This group was assigned as hyper-responders.

Further, a subgroup of these individuals can be characterized as lean mass hyper-responders



presenting with a triad of LDL-c > 200 mg/dL, HDL-c > 80 mg/dL, and triglyceride
concentration < 70 mg [9, 11]. These individuals usually exhibit low body fat (<20% men, <23%
women) and moderate to high levels of athleticism [9]. The difference between this unique
phenotype is strikingly different from obese patients with atherogenic dyslipidemia presenting
with triglyceride concentrations > 150 mg/dL, HDL-c < 40 mg/dL (men) or < 50 mg/dL
(women), and the presence of small dense LDL (sdLDL). The LMHR phenotype is also
different from patients with familial dyslipidemia, which usually presents with elevated LDL-

¢, normal or low HDL-c, and normal or elevated TG [12].

Mechanisms Behind the Phenotype

A mechanistic explanation of this phenomenon was proposed and called the Lipid Energy
Model (LEM). It states that in people on carbohydrate-restrictive diets or ketogenic diets,
skeletal muscle and liver glycogen reserves are depleted, so the body depends on non-esterified
fatty acids (NEFAs) released from the fat tissue and triglyceride-rich lipoproteins (TGRLs)
made by the liver as the main sources of energy released in mitochondria during beta—oxidation
[21]. People with a high BMI (>35) and vast fat tissue reserves on a carbohydrate-restrictive
diet are able to supply their energy demand in this mechanism sufficiently [5, 13]. Among
individuals without such fat reserves [BMI 25-30] on CRD, non-esterified fatty acid release
from fat tissue is insufficient, and not enough carbohydrates are supplied with diet to release
energy from them and to restore the glycogen reserves in liver and muscle cells [13]. In this
metabolic state, fat is transported through the body in the form of triglyceride-rich lipoproteins
(TGRL), such as very low-density lipoproteins (VLDL) [5]. TG can then be extracted from
VLDL by the capillary endothelial cells with the use of the enzyme lipoprotein lipase (LPL) [5,
14]. After triglycerides are progressively extracted from VLDL by LPL, they are converted into
LDL, raising LDL-c [5]. It was observed that there is an inverse correlation between BMI and
LDL-c among people with an LMHR phenotype [5], which supports the explanation of
markedly elevated LDL-c observed in lean, metabolically healthy people who start restricting
their carbohydrate intake and not among those with higher BMI. In a study with a sample size
of 1—the author of the study following strict monitored CRD, presenting LMHR phenotype—
an LDL-c drop was observed when daily carbohydrate consumption was increased, further
supporting the thesis on LDL-c being a consequence of metabolic adaptation rather than a

pathological mechanism known from previously studied types of dyslipidemia [15].



Discussion

The association between elevated low-density lipoprotein cholesterol (LDL-C) and the risk of
atherosclerotic cardiovascular disease (ASCVD) has been studied and researched extensively
for decades. Numerous large and randomized controlled studies showed that elevated LDL-c is
associated with an increased risk of atherosclerotic vascular disease, including myocardial
infarction and stroke. It is why LDL-c reduction remains a primary goal of cardiovascular
disease prevention and pharmacological therapies [4]. It was established that cardiovascular
risk reduction is proportional to the LDL-c reduction [16]. Statins, fibrates, and PCSK9
inhibitors have proven to be effective in reducing cardiovascular events and increasing the
length of survival among patients with ischemic heart disease [16]. In 2024, a meta-analysis of
60 randomized controlled studies covering 408,959 participants showed that decreasing LDL-
C by 38.7 mg/dL was associated with a 22% reduction of cardiovascular event risk (HR 0.78;
95% CI 0.75-0.81) both in primary and secondary prevention [10]. This effect was more
pronounced in primary prevention (HR 0.74) in comparison to secondary prevention (HR 0.80)
[17]. As alternative diets such as the ketogenic and carnivore diets, which are both carbohydrate
restrictive, gain popularity on social media, it is possible that young adults are more likely to
implement them into their lives because of curiosity or out of hope to preserve their health for
longer. Because of a better preventive effect of lower LDL-C in primary prevention and
potentially longer time of exposure in those young people with elevated LDL, explaining if
LMHR differs in CVD from the general population should be a top priority, as according to
current knowledge of LDL-C and atherosclerosis risk, it presents danger. A prospective,
observational cohort study [18] designed to evaluate the progression of coronary atherosclerosis
showed fascinating results analyzed 100 individuals meeting the criteria of lean mass
hyperresponder phenotype (LDL-C >190 mg/dL, HDL-C >60 mg/dL, TG <80 mg/dL) during
a l-year follow-up. Coronary computed tomography angiography (CCTA) was used to measure
atherosclerotic plaque progression as it shows both calcified and non-calcified plaque and
therefore enables more precise evaluation of the progression of the disease. Results showed that
LDL-c and Apo-B did not correlate with the progression of atherosclerosis. It was determined
that the presence of the plaque is strongly correlated with worsening the disease on the CCTA
scale during the 1 year of observation [18]. It is worth mentioning that this study is being
critiqued for the lack of the comparative group, self-selection of participants, small sample size,

lack of total calorie intake monitoring, and switching of the pre-registered primary outcome



from the percentage change in non-calcified plaque volume (NCPV) to the absolute plaque
volume change. The KETO-CTA study noted a mean increase of PAV of 0.8% among 100
participants, which is a similar rate of progression in comparison to other cohorts from similar
studies [7, 19, 20], which include participants with a high risk of cardiovascular disease. A very
similar rate of progression of plaque as in cohorts with a high risk of CVD, diabetes, or non-
response to statin therapy is very concerning. Another study published in 2025 [11] compared
80 individuals from the KETO-CTA study (keto group) to 80 patients from the MiHeart study
(Miami Heart group). Participants were matched by sex, age, race, hypertension, body mass
index (BMI), hyperlipidemia, and smoking status to better establish atherosclerosis progression
[11]. All participants underwent CCTA scans to determine the presence and severity of
atherosclerotic plaque. The median CAC (coronary calcium) score in the keto group was 0 (IQR:
0-56) [11]. The median CAC score in the Miami Heart group was 1 (IQR: 0-49). Authors report
no statistical significance between the two groups (p > 0.52) [11]. Results showed the same
score in median scores measured with the CCTA scale in TSS (Total Stenosis Score), TPS (Total
Plaque Score), and SIS (Segment Involvement Score) without statistical significance between
the groups (p > 0.20). It is also worth mentioning that the CCTA is more accurate as it measures
total plaque burden (calcified and non-calcified plaque) and allows better assessment of
cardiovascular risk even in patients without visible coronary calcium [19]. Although performed
on a relatively small group, this study presented that the Keto group did not statistically differ
from individuals from the Miami Heart group [11], which may indicate that CRD in LMHR is
not a risk factor for CVD. Further research on larger cohorts is needed to better understand and
objectify what has been observed. In addition to studies already presented, data from large
prospective dietary studies also should be taken into consideration. Several epidemiological
studies and meta-analysis meeting these criteria showed increased all-cause mortality risk in
populations on diets low in carbohydrates (<130 g/day) [x, y, z]. However, no significant
correlation between CVD and following carbohydrate restriction was reported [22, 23].
Available meta-analyses present conflicting data about fat intake and mortality from
cardiovascular disease [21, 22, 23]. The studies cited are based on data collected in
questionnaires which do not provide any objective measure to verify the declared intake of
proteins, fats, and carbohydrates. Despite the imperfect character of said studies, no correlation

between the CVD and carbohydrate restriction seems to fit into the assumptions of the Lipid



Energy Model and further support the importance of fully exploring clinical implications of

CRD, especially in context of lean mass hyper-responders.

Conclusions

The Lean Mass Hyper-Responder (LMHR) phenotype presents a particular challenge to
conventional models of cardiovascular risk estimation. This group demonstrates a markedly
elevated LDL-C, alongside high HDL-C and low triglycerides, while following a carbohydrate-
restricted diet. The presence of elevated LDL-C is regarded as an important determinant in
atherosclerosis and cardiovascular disease (CVD) risk. Some recent findings from studies
exploring the progression of plaque in LMHR individuals raise concerns about whether this is
the case in these otherwise healthy, lean individuals on ketogenic diets. Progression of coronary
plaque shown by the KETO-CTA study over a 12-month period presents big heterogeneity
among the LMHR phenotype and overall seems to not be correlated to LDL-C and ApoB but
rather with the presence of plaque itself. The general progression observed in this study matches
the rate among both generally healthy adults and high-risk populations in other studies. On the
other hand, the follow-up comparative study with the Miami Heart cohort reported no
significant differences in the burden of coronary plaque and its calcification in LMHR and
controls, suggesting that it is in fact possible that diet-induced hypercholesterolemia among
LMHR individuals on CRD does not pose increased risk of CVD. If proven true, this could be
a breakthrough in cardiovascular disease prevention. As several studies have documented,
elevated LDL-C remains a well-established risk factor of arteriosclerosis with a linear
correlation between LDL concentration and the incidence of cardiovascular events. However,
its interpretation among LMHR on carbohydrate-restrictive diets may call for reassessment.
Until long-term, adequately powered, and meticulously controlled studies become available,
clinical caution is indicated. Physicians making clinical decisions should look at the broader
context of the patient’s health and take into account the complete lipid profile, inflammatory
indices, and plaque imaging instead of using LDL-C values only. Until more robust data become
available, it remains unanswered with certainty whether LMHR is a benign metabolic

adaptation or a cardiovascular pathological state.
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