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Abstract
Introduction: Prediabetes is a risk factor for type 2 diabetes 
mellitus (T2DM). However, it may be reversed via lifestyle 
changes. Lumen is a novel handheld device that measures 
exhaled CO2 producing results in agreement with those of 
indirect calorimetry when assessing metabolic fuel usage. 
The aim of this study was to examine the effects of following 
Lumen’s personalized, measurement-guided lifestyle inter-
vention program on anthropometric and metabolic vari-
ables in adults with prediabetes. Methods: A 12-week single-
arm intervention study was conducted in 27 participants. 
Body composition and blood markers were measured at the 
start and end of the study. Each participant took a daily 
morning (fasted) measurement and received feedback on 
their metabolic state (i.e., their degree of fat vs. carbohydrate 
oxidation). Participants were then provided with personal-
ized daily guidelines for their carbohydrate, fat, and protein 
consumption, along with recommended lifestyle changes. 

Results: Intention-to-treat analysis revealed a significant de-
crease in body weight (5.99 kg, p < 0.001), comprising a sig-
nificant reduction in percentage body fat (2.93%, p < 0.001) 
and waist circumference (6.23 cm, p < 0.001). Significant re-
ductions were also observed in glycated hemoglobin A1c 
(0.27%, p < 0.001), triglycerides (0.45 mg/dL, p < 0.001), and 
systolic blood pressure (0.5 mm Hg, p < 0.05). Conclusion: In 
a 12-week pilot study of participants with prediabetes, Lu-
men usage significantly improved multiple metabolic pa-
rameters, demonstrating its potential to deliver better clini-
cal outcomes for patients with T2DM and metabolic syn-
drome. © 2022 The Author(s).

Published by S. Karger AG, Basel

Introduction

Prediabetes (as defined in [1]) is an extremely com-
mon condition [2] and a recognized risk factor for type 2 
diabetes mellitus and cardiovascular disease [3, 4]. Pre-
diabetes is an inherent part of the metabolic syndrome 
and is often accompanied by obesity, dyslipidemia, and 
hypertension [5]. Currently recommended interventions 



Buch et al.Obes Facts 2023;16:53–6154
DOI: 10.1159/000527227

in prediabetes to prevent conversion to type 2 diabetes 
mellitus include lifestyle changes that incorporate both 
exercise and standardized weight loss programs [6–8]. 
However, some individuals are more resistant to dietary 
interventions portraying a “thrifty” phenotype that is as-
sociated with reduced energy expenditure during caloric 
restriction [9].

A potential explanation for this is impaired metabolic 
flexibility which is an inherent part of prediabetes [10–
13]. Impaired metabolic flexibility is the inability to shift 
between fuel sources, such as fats or carbohydrates, in 
response to their availability and metabolic demands re-
sulting in enhanced muscle glucose oxidation (as op-
posed to fat oxidation) in the fasting state [14, 15]. Inter-
ventions such as exercise training and some weight loss 
programs have been shown to improve metabolic flexibil-
ity [16–18]. However, different nutritional interventions 
have been shown to have different and sometimes oppo-
site effects on metabolic flexibility. For example, in a 
study examining the effect of high-fat versus standard 
overfeeding on healthy individuals, the extent of change 
in lipid oxidation in response to high-fat (but not stan-
dard) overfeeding predicted subsequent weight gain [19].

It would therefore be hypothesized that a nutritional 
intervention which varies in response to daily changes in 
metabolic flexibility may be beneficial in overcoming the 
“thrifty” phenotype and achieving therapeutic goals in 
subjects with prediabetes. However, the common method 
of measuring metabolic flexibility using indirect calorim-
etry necessitates a specialized laboratory facility, highly 
trained technicians, and is both time consuming and op-
erator dependent. A more accessible method of assessing 
metabolic flexibility may be through measuring exhaled 
CO2 since carbohydrate oxidation produces more CO2 
than fat oxidation [20].

Lumen is a novel handheld exhaled CO2 measurement 
device which was recently found to be in agreement with 
indirect calorimetry in providing an accurate assessment 
of metabolic fuel usage [21]. This is incorporated into a 
comprehensive lifestyle intervention using a mobile 
phone application to provide daily personalized nutri-
tional and lifestyle recommendations. Nutritional advice 
is based on adjustment of macronutrient consumption 
based on the metabolic fuel usage assessment each morn-
ing. Moreover, the program recommends minimally pro-
cessed food and preference of carbohydrate sources with 
a low glycemic index. This pilot study evaluated the an-
thropometric and metabolic outcomes after 12 weeks of 
lifestyle intervention program utilizing the Lumen sys-
tem in adults with prediabetes.

Methods

Participant Recruitment and Eligibility Criteria
The trial took place in the Endocrinology, Metabolism and Hy-

pertension Department at Tel Aviv Sourasky Medical Center, Tel 
Aviv, Israel, between November 2020 and June 2021. The study 
was approved by the Institutional Review Board of Tel Aviv 
Sourasky Medical Center and was a-priori registered at Clinical-
Trials.gov (NCT04555421). Participants were recruited by either 
clinical referrals from the endocrinology department, local recruit-
ment posters, or by online advertisements. The eligibility of each 
participant was initially considered by the study co-investigator 
(A.Bu.) via telephone or email and was subsequently evaluated by 
the study’s physician (R.E.) when they arrived at the clinic.

The main inclusion criteria were age between 25 and 65; BMI 
between 27 and 40 kg/m2; and a glycated hemoglobin A1c (HbA1c) 
between 5.7% and 6.4%, or fasting plasma glucose between 100 
mg/dL and 125 mg/dL (if the HbA1c was unavailable or lower than 
5.7%). Participants were excluded if they were on anti-hyperglyce-
mic medication (e.g., metformin or liraglutide); were previously 
diagnosed with diabetes; were pregnant or breastfeeding; partici-
pated in an active weight loss program in the last 3 months or lost 
>3 kg in the past month. In addition, participants were required to 
have a mobile phone which can support the Lumen mobile appli-
cation, to read and understand English, and to be able to perform 
a valid Lumen breathing maneuver. Figure 1 depicts the study flow 
from recruitment to analysis.

Study Design
The study was designed as a single-arm 12-week interven-

tion. Following written informed consent and initial assessment, 
participants received a Lumen device and instructions on how 
to use it as well as its accompanying mobile app. Following a 
2-day run-in period, participants returned to the clinic for base-
line measurements, including blood tests and anthropometric 
measurements. They were then instructed to use Lumen at home 
on a daily basis for a period of 12 weeks. The participants took a 
Lumen measurement in a fasted state every morning, and a nu-
tritional plan was created based on the results. Additionally, par-
ticipants were instructed to note in the mobile application when 
they consumed their last meal every day, how long they slept, 
and if they followed the previous day’s nutritional recommenda-
tions. Moreover, the Lumen mobile phone application encour-
aged the participants to take more measurements throughout 
the day, mainly in response to food intake as well as before and 
after exercise. A Lumen coach was assigned for remotely sup-
porting the participants via Lumen’s mobile phone application 
and to provide clarifications and guidelines if needed based on 
Lumen metrics. After 12 weeks, participants returned to the 
clinic for a post-intervention repeated collection of blood tests 
and anthropometric measurements.

Intervention
Upon using Lumen participants received an estimation of their 

current metabolic fuel source (fat vs. carbohydrate metabolism and the 
degree of each component). They were then provided with instructions 
for their carbohydrates, fat, and protein intake for the rest of the day, 
as well as guidance to optimize their lifestyles, in terms of nutrition, 
sleeping habits, and physical activity. Figure 2 depicts the Lumen de-
vice app interface and data presentation for the participants.
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Daily nutritional recommendations were determined by calcu-
lating the total daily energy expenditure using the Mifflin-revised 
Harris-Benedict equation [22]. This equation is then adjusted by 
the physical activity factor, which is a function of the types, dura-
tions, and intensities of the daily activities reported by the partici-
pant. Energy intake was restricted to 500 calories fewer than the 
estimated requirements. Carbohydrates were recommended to ac-
count for 20–45% (in accordance with the results from the exhaled 
CO2 measurement) of the daily calorie intake with a focus on com-
plex carbohydrates such as whole grains and legumes. Protein in-
take accounted for 20–25% of the total daily energy expenditure 
(1.6–1.8 g per kg of body weight). A further 30–60% (adjusted ac-
cording to Lumen score) of the caloric recommendation was rep-
resented by fats, preferably from food sources rich in mono- and 
polyunsaturated fats (such as avocado and olives). Additionally, 
participants were advised to consume nonstarchy vegetables free-
ly, with a target goal of at least 250 g per day.

Outcome Measures
Anthropometric variables included weight and body composi-

tion analysis measured with a bioelectrical impedance analyzer 
(InBody 770 body composition analyzer, Cerritos, CA, USA) – a 
method found to be valid and reliable for the purpose [23–25], 
height measured with a Health-o-Meter (Health-o-Meter Profes-
sional, Health-o-Meter, FL, USA), and waist circumference mea-
sured twice around the umbilical cord [26]. Blood pressure was 
measured by an experienced technician following a uniform pro-
tocol [27]. Sitting blood pressure was measured by an automated 
device (OMRON M2 digital monitor) after a 5-min rest period in 

a quiet setting without distractions. To minimize random error, 
the average of 3 measurements (with 1-min rest between each mea-
surement) was calculated.

All blood samples were collected after a 12-h fast in vacuum 
blood collection tubes with gel and centrifuged for 15 min at 4,000 
g to obtain serum. Blood tests were measured by routine commer-
cial automated assays and included fasting serum glucose, lipid 
profile, liver enzymes, HbA1c, and C-reactive protein (CRP) levels. 
Fasting glucose was determined with the glucose oxidase method 
using an autoanalyzer (Beckman Instruments, Fullerton, CA, 
USA). Total serum cholesterol was measured with the Roche/Hi-
tachi 747 Analyzer (Roche Diagnostics, Mannheim, Germany) and 
the Raichem Kit (Reagents Applications, San Diego, CA, USA). 
HbA1c was measured using the Tosoh G8 HPLC Analyzer (Tosoh 
Bioscience, Inc., South San Francisco, CA, USA) according to 
manufacturer’s instructions. CRP levels were assessed by using 
BN2 model nephelometer (Dade Behring, Cardio Phase hsCRP 
Assay, Marburg, Germany) as described elsewhere [28].

Statistical Analysis
The primary aim of the study was to evaluate the impact of Lu-

men usage for 12 weeks on body composition in subjects with pre-
diabetes. Secondary objectives included the effects of Lumen usage 
on glycemic control and lipid profiles. All variables were tested for 
normal distribution before the tests. Intention-to-treat analyses of 
the primary and secondary outcomes at baseline and after 12 weeks 
of Lumen usage included all subjects who had baseline and end of 
study measurements and were performed by utilizing two-tailed 
paired parametric t tests with the Holm-Sidak adjustment for mul-

Fig. 1. Flowchart depicting the recruitment and selection process of the study population.
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tiple comparisons. Sample size was determined based on power 
analysis made according to a study evaluating HbA1c levels in pre-
diabetic subjects who received low-carb diet for 12 weeks [29]. 
However, we expected the reduction to be lower, of 0.2% with SD 
of 0.3 (effect size of 0.67). Accordingly, α of 0.05 produced a final 
sample of study participants of 26 at 90% power.

Statistical analyses were performed using GraphPad Prism 9 
(GraphPad Software Inc.). The threshold for significance was set 
at p < 0.05 after adjustment for multiple comparisons.

Results

Clinical Characteristics of Study Population
A total of 357 potential participants were assessed for 

their eligibility to participate in the study. 332 applicants 
did not meet inclusion criteria as detailed in the methods 
section. Among the remaining 35, one was lost to follow-
up. Following the initial assessment at the clinic, four ap-
plicants failed to meet the inclusion criteria and were ex-

cluded from the study. Of the remaining 30 participants, 
three withdrew consent due to reasons unrelated to the 
trial and trial procedures. Twenty-seven participants had 
baseline and end of study assessments and were included 
in the intention-to-treat analysis (Table 1). Participants 
showed a high level of engagement with 84.63 ± 9.59 
morning Lumen measurements out of the 94 days of in-
tervention.

Primary Outcomes
Body composition outcomes were exhibited by several 

anthropometric improvements (Table  2). Body weight 
reduced significantly from baseline by 5.99 kg (6.15% re-
duction; t26 = 7.47, p < 0.001; Fig. 3a), comprised a sig-
nificant reduction of 5.11 kg in body fat mass (t26 = 8.35, 
p < 0.001) and 0.58 kg of skeletal muscle mass (t26 = 3.89, 
p = 0.001). Consequently, a significant loss of 2.93% per-
centage body fat was observed (t26 = 8.53, p < 0.001; 
Fig. 3b). In addition, BMI reduced by 2.09 kg/m2 (t26 = 

Fig. 2. Example of main data taken for determining the daily nutritional plan using the Lumen device app inte-
gration process.

Table 1. Baseline participant characteristics

Females (n = 13) Males (n = 14) All, n = 27

mean SD mean SD mean SD

Age, years 47.3 9.0 47.0 9.2 47.2 9.0
Weight, kg 95.4 14.0 99.1 12.4 97.3 13.0
Height, cm 162.0 5.8 174.7 5.3 168.6 8.5
Body mass index, kg/m2 36.2 4.1 32.5 4.3 34.3 11.3
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Table 2. Changes in clinical outcomes

Baseline 
(n = 27)

After 12 weeks 
(n = 27)

Change from baseline

mean SD mean SD mean adjusted 
p value

Weight, kg 97.3 13.1 91.4 12.0 −5.9 <0.001
BMI, kg/m2 34.3 4.5 32.2 4.1 −2.1 <0.001
Body fat, % 40.2 8.3 37.2 8.6 −3 <0.001
Body fat mass, kg 39.4 10.5 34.2 9.7 −5.2 <0.001
Skeletal muscle mass, kg 32.5 6.0 32.0 5.9 −0.5 0.001
Visceral fat area, cm2 187.6 51.5 163.6 50.1 −24.0 <0.001
Circumference, cm 114.4 10.9 108.1 10.4 −6.3 <0.001
Systolic blood pressure, mm Hg 127.8 11.3 122.7 13.0 −5.1 0.044
Diastolic blood pressure, mm Hg 80.0 11.3 78.8 11.9 −1.2 0.48
HbA1c, mmol/mol 43.7 4.0 40.6 3.0 −3.1 <0.001
HbA1c, % 6.1 0.4 5.9 0.3 −0.2 <0.001
Glucose, mmol/L 5.3 0.6 5.1 0.6 −0.2 0.212
Triglycerides, mmol/L 1.8 0.7 1.4 0.8 −0.4 0.006
HDL cholesterol, mmol/L 1.2 0.2 1.1 0.2 −0.1 0.086
LDL cholesterol, mmol/L 3.2 0.9 3.0 0.9 −0.2 0.228
Total cholesterol, mmol/L 5.1 1.0 4.8 1.0 −0.3 0.151
CRP, nmol/L 61.6 60.6 91.1 166.1 29.5 0.25
ALP, µkat/L 1.2 0.3 1.1 0.3 −0.1 0.005
AST, µkat/L 0.4 0.1 0.4 0.1 0.0 0.159
ALT, µkat/L 0.5 0.3 0.4 0.2 −0.1 0.159
GGT, µkat/L 0.5 0.5 0.4 0.4 −0.1 0.142

Multiple t tests were performed for baseline measurements versus after 12-week measurements. Adjusted p 
value, according to the multiple comparison correction using the Holm-Sidak method. CRP, C-reactive protein; ALP, 
alkaline phosphatase; AST, aspartate aminotransferase; ALT, alanine amino transferase; GGT, gamma 
glutamyltransferase.

Fig. 3. a–c Changes in body weight, body fat percentage, and HbA1c after 12 weeks of Lumen usage. Data are 
presented as mean (SD). N = 27. *** indicates p < 0.001.
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7.14, p < 0.001), visceral fat area declined by 24 cm2 (t26 = 
8.59, p < 0.001), and waist circumference decreased by 
6.23 cm (t26 = 7.79, p < 0.001).

Secondary Outcomes
HbA1c decreased by 3.08 mmol/mol (0.27%) after 12 

weeks of intervention (7.05% reduction; t26 = 6.91, p < 
0.001; Table 2; Fig. 3c), while fasting blood glucose did 
not change (−0.18 mmol, p = 0.212; Table 2). Triglycer-
ides were reduced by 0.45 mmol/L (p = 0.006), and CRP 
which displayed high variability between and within the 
participants did not significantly change (29 nmol/L, p = 
0.25). Systolic blood pressure decreased (5.02 mm Hg,  
p = 0.044), but no changes were observed in diastolic 
blood pressure, total cholesterol, HDL cholesterol, and 
LDL cholesterol. Tests of liver function revealed a signif-
icant decrease from baseline in alkaline phosphatase 
(ALP) (t26 = 3.68, p = 0.005), but no significant difference 
in aspartate aminotransferase, alanine amino transferase, 
or gamma glutamyltransferase (Table 2).

Discussion

In this pilot study, we investigated the benefits of using 
the Lumen device for lifestyle interventions in adults with 
prediabetes. A 12-week program utilizing the Lumen de-
vice with its accompanying mobile app exhibited im-
proved metabolic control of participants as indicated by 
successful weight loss of 5.99 kg, 2.93 percent body fat 
reduction, HbA1c decrease of 0.27%, waist circumference 
narrowed by 6.23 cm, systolic blood pressure reduced by 
5.02 mm Hg, and triglycerides reduced by 0.42 mmol/L.

The average weight loss percentage in our study was 
6.15%, which is within the CDC and ADA guidelines for 
preventing diabetes-related complications [30, 31]. Fur-
thermore, our results were comparable to other lifestyle 
interventions using mobile platforms that have demon-
strated both feasibility and efficacy [32–34]. In a recent 
meta-analysis, weight loss was found to be significantly 
greater with lifestyle interventions compared with usual 
treatment [35]. Furthermore, a scoping review of nutri-
tion approaches to prediabetes found significant weight 
loss in 57.7% of the cases, waist circumference reduction 
in 53.1%, and systolic blood pressure reduction in 51.6% 
of the cases, as well as HbA1c reduction in 57.7% of the 
cases [36]. This shows the feasibility of nutritional inter-
ventions on the one hand, but also demonstrates the chal-
lenges of standardized approaches on the other. Lifestyle 
interventions have been shown to be beneficial for reduc-

ing the prevalence of metabolic syndrome [37–39]. Such 
outcomes have been shown at both long and short (12 
weeks) intervention studies. The findings from this cur-
rent study, such as a decrease in waist circumference, 
blood pressure, and triglycerides, can provide evidence 
that metabolic syndrome characteristics have improved.

Data-driven approaches have been incorporated into 
several recent studies in an attempt to improve diabetes 
risk parameters. Using an algorithm-based dietary inter-
vention incorporating microbiome data, a recent study 
revealed major HbA1c reduction, which was significantly 
greater than a Mediterranean diet (0.08%) accompanied 
by ∼3% weight loss [40]. According to a recent mobile 
app-based study examining the effect of low carbohydrate 
diet guidance for 3 months, participants lost 2.2 kg, 0.23%, 
and 0.38 mmol/L in body weight, HbA1c, and triglycer-
ides, respectively [41].

In addition to the aforementioned ameliorations, we 
found that ALP level decreased by 0.1 kat/L (6.48 U/L) be-
tween baseline and end of trial. High levels of ALP have 
been associated with an increased risk of diabetes [42]. Not-
withstanding, glucose levels did not differ significantly 
from baseline. This is attributed to initial screening criteria 
that determined the glucose threshold should be advised 
when HbA1c was unavailable or lower than 5.7%. Conse-
quentially, some individuals were recruited while having 
relatively low fasting glucose levels. These findings empha-
size the beneficial effects of lifestyle modifications via Lu-
men, which are in concordance with the DPP study [43], 
CDC guidelines, and ADA recommendations [30, 31].

We hypothesized that the incorporation of daily chang-
es in metabolic flexibility into nutritional recommenda-
tions will assist in overcoming the “thrifty” phenotype. 
The term metabolic flexibility refers to the ability to easily 
switch between fuel sources [11, 15, 44]. The state of ones 
metabolic flexibility is detected by examining the change 
from resting state fuel oxidation to the peak oxidation, as 
indicated by the respiratory exchange ratio during a glu-
cose stimulated state [15, 45, 46]. Respiratory exchange 
ratio measurement is obtained via indirect calorimetry 
measures using the metabolic cart. The use of the meta-
bolic cart for optimizing nutritional and metabolic re-
quirements can be referred to as ambitious or challenging, 
due to the hazardous nature of this method, since it re-
quires arrival to the clinic and is time consuming. The use 
of Lumen, which has been found to be in agreement with 
the metabolic cart [21], can be performed by oneself daily, 
in a household environment. This simplifies the assess-
ment of the metabolic flexibility degree, which can serve 
as a personalized lifestyle intervention tool.
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The present study has several limitations including the 
lack of a control arm, the small number of participants, 
and short duration of follow-up. As this is the first inter-
vention study conducted using Lumen’s metabolic device, 
we first tested in a clinical setting whether weight loss and 
improved metabolic parameters are feasible. For this aim, 
a single-arm design study was conducted. Due to the lack 
of a comparison group, we were not able to directly com-
pare the benefits of this intervention with other tradition-
al nutrition and coaching interventions. A possible limita-
tion of the current study is the limited number of partici-
pants. This was pre-determined based on power analysis, 
and accordingly 27 people completed the entire trial. The 
duration of the trial is another possible limitation. To ful-
ly appreciate the efficacy of the Lumen intervention, a 
larger study with a more representative sample examining 
long-term adherence is needed. The studies’ strengths are 
its prospective nature and thorough collection of multiple 
clinically important parameters of the metabolic syn-
drome as well as body composition.

Conclusion

In conclusion, the utilization of the Lumen handheld 
metabolism tracker device, incorporating daily metabolic 
fuel use assessments with a mobile application interface, 
indicated a high short-term adherence, weight reduction, 
and a significant improvement in multiple parameters of 
the metabolic syndrome in adults with prediabetes. Fur-
ther controlled studies are needed to determine the po-
tential long-term benefit of this approach.
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