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Abstract 

Metabolic flexibility can be described as the sum of an organism’s adaptive responses for 

preferential oxidization of fuels relative to anatomical supply (ingestion and storage) and 
physiological demand (physical activity and inactivity). Fuel selection and oxidation occurs at the 

level of the mitochondria. Mitochondria are intracellular organelles with a primary role in oxidative 

metabolism. Mitochondrial adaptability to substrate availability and physical activity/inactivity may 
be considered the functional components of metabolic flexibility. Currently, metabolic flexibility is 

observed with two methods: Respiratory Quotient (RQ) via Indirect Calorimetry and a Euglycemic-
Hyperinsulinemic clamp. Given the robust mitochondrial response to increases or decreases in 

physical activity, an additional method for observing metabolic flexibility may be through 

observation of a metabolic intermediate that bridges glycolytic and oxidative metabolism: lactate. 
Recently, lactate has been described as a proxy for mitochondrial function and a surrogate of 

glycolytic and oxidative function. Moreover, current methods that utilize blood lactate thresholds 
(turn-points, transitions, etc.) to determine power to mass ratios (W/kg) in cyclists may afford a 

useful application for lactate in quantifying metabolic flexibility within the general population. One 

iteration on the W/kg concept is the MetFlex Index™, a score of metabolic flexibility and fitness, 
defined as the power (Watts) an individual produces at the first lactate threshold relative to that 

individual’s body mass index. Here we describe a novel method for using blood lactate during a 
graded exercise cycling test for identifying and describing metabolic flexibility and fitness in an adult 

outpatient rehabilitation cohort.  

1 Introduction 

Metabolic Syndrome affects 1 of every 3 U.S. adults within the United States (1). Additional 

prevalence data demonstrates that 40% of adults are living with obesity and 10% of adults are living 
with diabetes (2-3). Recently, severity of illness during a Covid-19 infection and higher mortality 

rates have been associated with adults living with metabolic syndrome (4), with accumulating risk 

relative to an increased number of components of metabolic syndrome (5). Higher mortality rates 
were observed in those with lower cardiorespiratory fitness (CRF) (6).  Physical inactivity and 

sedentary behavior, inaction that directly contribute to a low CRF, often factor into the severity of 
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metabolic dysfunction (7-13). Alternatively, physical activity and exercise directly contribute to 

increased CRF and are effective attenuators of metabolic disease via skeletal muscle. Additionally, 

increased fitness demonstrates effects on tissues and organs beyond skeletal muscle, such as the 
brain, liver, and heart (14). Physical activity and exercise can directly affect metabolic health via 

changes to mitochondrial structure and function (15 -16). Furthermore, it may be that CRF can 
modulate the risks associated with obesity and disease progression by mitigating metabolic 

dysfunction (17), also described here as the “obesity paradox” relative to CRF (18). Given that 

physical activity and fitness are essential for health, the utility of a quantifiable metabolic biomarker 
during exercise testing to describe metabolic flexibility and fitness could prove useful in metabolic 

health promotion, disease prevention, and chronic condition management.  

2 Metabolic Flexibility 

Metabolic Flexibility is the ability of an organism to adapt fuel availability with energy 

demands. Terminology initially describing energy and metabolism as “skeletal muscle adaptability” 
(19-20) appears to be transitioning toward “metabolic flexibility” and “metabolic inflexibility” (21-

22). Explanations of these concepts and related methodologies have been developed and described in 
detail elsewhere (10,16, 23-32). The primary methodology for determining metabolic flexibility has 

been by calculating changes in the RQ via indirect calorimetry during a euglycemic-hyperinsulinemic 

clamp. Observations with this method demonstrated a reduced ability, or “inflexibility”, to switch 
from fat to glucose oxidation in the transition from fasting to insulin with glucose stimulation. 

Individuals with metabolic health impairments including insulin resistance, obesity, and diabetes also 
had a higher preference for glucose relative to fat as an energy source when fasted, again 

demonstrating metabolic inflexibility. Gaps persist in understanding the relationship between the 

onset and development of metabolic health impairments and metabolic flexibility, particularly the 
association between metabolic inflexibility and ectopic lipid accumulation (32). It may be useful to 

explore less invasive and scalable, movement-based methods for quantifying metabolic flexibility 
(10) to assess the efficacy of metabolic health and fitness interventions within clinical and nonclinical 

populations. One potential biomarker is lactate, a metabolic intermediate serving as a metabolic 

bridge between glycolysis and oxidation. 

3 Lactate 

Historically, lactate has been described as a waste product associated with hypoxia and fatigue 
(33). More recently, lactate has been reframed as the “fulcrum of metabolism” (34), demonstrating 

increased significance as a biomarker in metabolism (35-36), yet remaining under-developed as a 

metabolic marker of health and disease (37). Lactate may be a useful metabolic biomarker (in 
comparison to other markers, for example, like the waist:hip ratio, skeletal muscle fatty acid 

oxidation, and the HDL: LDL ratio), by measuring resting fasting plasma lactate (38-39) or by 
observing lactate clearance capacity through a graded exercise test (40). Relationships between 

lactate and substrate oxidation (RQ) were observed during a graded exercise test comparing 

professional cyclists and less fit individuals, including a group of very low fit adults with metabolic 
syndrome (40). Exercise testing in this study was performed on a lower extremity ergometer with 

lower to higher power increments at standardized stage durations while blood lactate was sampled at 
the end of each stage duration as ventilatory data (VCO2/VO2) was acquired throughout. There was 

a significant difference in the relationship between lactate metabolism and substrate oxidation 
between individuals with different levels of fitness as endurance athletes were able to prolong fat 

oxidation and delay substantial carbohydrate oxidation relative to their lactate curves or lactate 

clearance capacities. Less fit individuals, most pronounced in individuals with metabolic syndrome, 
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demonstrated a significantly impaired capacity for fat oxidation with greater reliance on carbohydrate 

oxidation at very low workloads including the early onset of lactate accumulation (poor clearance 

capacity). Early lactate accumulation may have an impact on adipose metabolism and vice-versa (41) 
as the “early onset of lactate accumulation signifies poor capacity to mediate metabolic strain 

resulting in significant organismal stress” (37). Lactate thresholds demonstrate observable and 
informative relationships with substrate oxidation where lactate and fat oxidation were strongly 

negatively correlated, and lactate and carbohydrate oxidation were strongly positively correlated (40). 

Since lactate metabolism and fat oxidation occur at the level of the mitochondria, observing lactate 
behavior may additionally afford an indirect observation of mitochondrial function.  Lactate may 

further demonstrate its utility as a surrogate marker for substrate oxidation considering that fat 
oxidation decreases at or near the first lactate threshold. This relationship of reduced fat oxidation as 

lactate accumulates may provide an additional method for quantifying metabolic flexibility.  

Lactate metabolism relative to power output (Watts) is commonly used to compare cyclists at 
different stages in training or across a career (42) and, in conjunction with additional metabolic data, 

may predict high performance and outcome prior to a competitive season (43). Power to mass ratios 
(W/kg) are traditionally derived from the ability to sustain power over a given duration, typically at 

or near the second lactate threshold, maximal lactate steady state, maximal metabolic steady state, 

etc. At the second lactate threshold, fat oxidation is at or near its lowest rates and carbohydrate 
oxidation continues to increase. Since fat oxidation begins to trend downward at or near the first 

lactate threshold, this first threshold may demonstrate utility for measuring and managing metabolic 

flexibility in the general population.  

4 Body Mass Index 

Body Mass Index (BMI) was developed over 150 years ago but was not integrated within 
medical literature until the early 1970’s (44). BMI persists as a statistical tool within the National 

Institutes of Health and World Health Organization for comparisons within and between populations 
(44), albeit not without limitations. Recently, integrating results from cardiopulmonary exercise 

testing to determine CRF (e.g. VO2peak) relative to body mass (kg) yielded a fitness to mass ratio 

(VO2peak/kg) which provided utility for an ‘obesity staging system’, identifying higher at-risk 
individuals for mortality (17). Here, accounting for physical capacity demonstrates a useful 

elaboration on the BMI metric for further identifying and monitoring metabolically at-risk and low fit 

individuals.  

5 MetFlex Index™ 

The MetFlex Index™ is a power to weight ratio like the W/kg metric, yet with two differences: 
1) the Index identifies the power attained at the first lactate threshold rather than the second lactate 

threshold or another point of interest and 2) power is relative to BMI rather than an individual’s mass 
in kilograms. Recall that the first lactate threshold indicates a transition in substrate utilization from 

peak or maximal fat oxidation toward predominantly carbohydrate oxidation as lactate begins to 

accumulate due to production exceeding clearance capacity or oxidation. The accumulation of lactate 
may directly or indirectly inhibit, down-regulate, or out-compete fat oxidation (41) and potentially 

lipolysis. The lower the lactate threshold and clearance capacity relative to power, the lower the fat 
oxidization, the lower the metabolic flexibility, and vice versa. Additionally, using BMI instead of 

kg, as in the Watts/kg performance model, affords integration of the long-standing BMI biometric 
with physical capacity, providing further information on risk and risk stratification in healthcare, 

consistent with individualization and precision trends in health and fitness. Here, defining 
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physiological capacity as the power produced at the first lactate threshold, one can also compare the 

efficacy of, and responsiveness to, any intervention claiming to improve oxidative capacity, 

including an exercise program, nutrition program, or a pharma-based program. The MetFlex Index™ 
could monitor a gain or loss in metabolic flexibility over time, regardless of the intervention, or be 

used to monitor the stability, progression, or regression of metabolic flexibility related to a disease 
process or chronic condition. The ability to quantify the relationship between an external load (power 

as Watts) to an internal load (lactate clearance capacity and heart rate) has tremendous value as a 

movement-based health and fitness metric (48).  

6 Methods 

Seventy-seven (41 F/36 M) volunteers participated in this observational study. Informed 
consent was received from all participants. The testing conformed to the Declaration of Helsinki 

Ethical Principles for Medical Research Involving Human Subjects. Potential risks from participation 

in testing included sore muscles, sore finger or earlobe from the safety spring lancet, possible 
bruising and infection. The testing utilized submaximal effort protocols and all participants were 

allowed to cease testing at any time.  

Single participant testing occurred in a rolling format between November 2020 and June 2021 

at an Orthopedics specialty practice located within the Midwestern Region of the US. All testing was 

performed between the hours of 0800 and 1800, based on subject preference, within the Outpatient 
Rehabilitation Department of the practice. Testing was provided by staff (rehab technicians, Physical 

Therapist Assistants, and Physical Therapists) who were trained by OVAL (formerly elexr) 

representatives.  

Orthopedic medical staff were informed of the testing interest of their respective participants 

and provided approval to proceed with testing given any associated medical diagnoses. Participants 
received the Physical Activity Readiness Questionnaire (PARQ) prior to testing to screen for 

appropriateness to participate. Biometrics including height, weight, waist circumference, blood 
pressure, resting heart rate, and pulse oximetry were measured prior to exercise testing (Table 1). 

Consistent with ACSM/AHA guidelines, any participant with a vital sign measurement beyond 

established parameters was excluded from the testing protocol. Medication use and chronic diseases 
were not considered exclusionary for participation if they could tolerate a sustained, upright cycling 

position and pedal without pain. Participants on routine prescription medications were instructed to 
maintain their medication regimen as prescribed. The temperature within the building remained at 72 

degrees Fahrenheit with normal controlled humidity. All relevant data was entered into a digital-

based testing platform (OVAL Admin app) on an iOS or Android-based tablet. 

 

 

WC (cm) BMI SBP DBP RHR Rest La Age SpO2 Weight (lbs) Height (in) Metflex Index

mean 110.6 34.6 127.4 79.4 77.2 1.2 47.5 97.3 225.3 67.7 18.6

standard error 2.6 0.9 1.2 0.7 1.4 0.0 1.6 0.2 6.1 0.5 1.3

median 107.0 33.1 128.0 80.0 75.0 1.1 48.0 98.0 220.0 68.0 16.7

mode 81.0 27.8 124.0 80.0 99.0 1.0 44.0 98.0 210.0 68.0 9.3

standard deviation 21.4 8.1 10.8 6.2 12.0 0.4 13.9 1.5 53.4 4.2 11.1

sample variance 456.5 65.6 117.2 38.3 143.8 0.2 193.8 2.2 2853.3 17.4 122.4

kurtosis -0.8 -0.1 1.3 0.4 -0.8 0.5 -0.5 0.0 -0.4 -0.3 0.3

skewness 0.3 0.6 0.2 -0.4 0.3 0.8 -0.2 -0.8 0.2 -0.2 0.8

range 82.0 34.3 62.0 30.0 44.0 2.0 59.0 6.0 234.0 19.5 47.7

minimum 74.0 20.7 98.0 62.0 55.0 0.5 18.0 93.0 126.0 56.0 2.8

maximum 156.0 55.0 160.0 92.0 99.0 2.5 77.0 99.0 360.0 75.5 50.5
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Table 1. Summary distribution and descriptive statistics relative to each biometric. WC, waist circumference; 

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; RHR, resting heart rate; Rest 

La, resting lactate; SpO2, pulse oxygenation. 

7 Testing Protocols 

Participants were scheduled for a test after exclusion and inclusion criteria were met. 

Participants were instructed not to perform vigorous exercise or activity at least 24 hrs. prior to the 
test, maintain normal and adequate hydration, maintain normal sleeping patterns, avoid alcohol, 

maintain a normal medication regimen, maintain a normal eating pattern, ingest a small snack 2 
hours before the test, wear comfortable clothing, and bring a towel and water bottle. Upon arrival, 

participants were escorted to a private room for vital signs and biometric assessments. Participants 

were asked about their current exercise and activity patterns and if they were experiencing any new 
onset of symptoms associated with poor tolerance to movement including shortness of breath, chest 

pain, dizziness, nausea, etc. Following vital signs assessments, participants were explained the testing 
protocol and consented to proceed with the exercise test. Participants were informed they could stop 

testing at any time at their discretion. Participants were fitted with a heart rate monitor (Polar H10, 

chest strap) per manufacturer guidelines prior to testing.  

For testing comfort, participants were fitted on an upright exercise cycle (commercial fitness 

model) maintaining knee extension at down stroke between approximately 5 to 15 degrees from full 
extension minimizing pelvic compensations at the saddle. The heart rate monitor was paired and 

connected to the OVAL Admin app on the tablet for testing. Resting blood lactate was sampled from 

the participant’s left earlobe using standard precautions and appropriate PPE. The earlobe was 
prepped with an alcohol swab and allowed to dry prior to 23G safety spring lancet introduction. After 

successfully establishing access, a single blood drop was expressed and then removed with tissue (or 
gauze) and a second drop was expressed and sampled with a lactate strip and meter (Nova 

Biomedical Lactate Plus Meter and Strips). After thirteen seconds the results were available and 

entered in the OVAL Admin app. Following the resting lactate entry, a testing protocol was 
determined with a digital-based algorithm. The protocol selection criteria include resting heart rate, 

BMI, resting lactate level, exercise frequency, and yes/no taking medications for a chronic condition. 
Based on the values entered, the algorithm assigned the participant to either a 5-, 15-, or 30-watt 

progression.  

Testing commenced once a protocol was determined. The participant was instructed to 
maintain a specific level of starting Watts on the cycle as displayed in the Watts section on the 

cycle’s dashboard. The participant was instructed to maintain between 60-80 rpms the entire test 
except in the early stages during very low wattage where rpms maintained were typically below 60. 

The OVAL Admin app maintained a timer set to three minutes for each stage duration with a thirty 

second alert for the tester to prepare for the next lactate sample. The Watts progressed and 
maintained at each stage were monitored throughout testing by the participant and the tester. Stages 

were advanced every three minutes with progressive increases in Watts as per the protocol for the 
individual (protocol selection criteria). The participant’s heart rate was automatically recorded 

throughout the test as the monitor was paired and connected to the OVAL Admin app. The lactate 

level was entered into the OVAL Admin app manually by the tester following successful blood 
sampling and lactate meter analysis. The testing ceased based on an algorithm indicating that a 

specific level of lactate was attained or surpassed. Following completion of the test, the OVAL 
Admin app transitioned into a recovery screen where the participant “cooled-down” for ten minutes. 

During recovery, the participant’s heart rate was automatically entered in the app every minute on the 
minute. Additional data was collected during the recovery phase including the first- and second-
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minute heart rate recovery rates and five- and ten-minute post-test lactate samples. Recovery data 

was not part of the analysis in this report.  

8 Results and Interpretation 

No adverse events were observed during or after the exercise testing protocols. No infections 

were reported within 7 days after the testing.  

Figure 1., below demonstrates the distribution of MetFlex Index™ scores across the sample. 

The lower the score, the lower the metabolic flexibility and fitness, and vice-versa. 

 

 

Figure 1. Summary of MetFlex Index™ scores. Red indicates MetFlex Indexes between 0-9.99. Yellow 

indicates MetFlex Indexes between 10 and 19.99. Orange indicates MetFlex Indexes between 20 and 

29.99. Green indicates MetFlex Indexes between 30 and 39.99. Blue indicates MetFlex Indexes of 40 

and above. The MetFlex Index affords stratification of fitness relative to lower (in red) to higher fitness 

levels (in blue). 

 

Table 2. below displays the associations between the MetFlex Index™ and secondary variables 

collected.  

 

                         Table 2. Summary of associations between MetFlex Index™ and other collected secondary variables. 

 

0

10

20

30

40

50

60

MetFlex Index

Variable R R2 Adj. R2 coef var std err p-value

WC (cm) -0.45 0.20 0.19 -0.22 0.06 0.00

BMI -0.52 0.27 0.26 -0.71 0.13 0.00

SBP -0.26 0.07 0.05 -0.26 0.11 0.02

DBP -0.20 0.04 0.03 -0.35 0.20 0.08

RHR -0.33 0.11 0.10 -0.30 0.10 0.00

Rest La -0.35 0.13 0.11 -9.37 2.86 0.00

Age -0.40 0.16 0.15 -0.32 0.08 0.00

Sp02 0.18 0.03 0.02 1.36 0.85 0.11

Weight (lbs) -0.33 0.11 0.09 -0.07 0.02 0.00

Height (in) 0.38 0.14 0.13 1.00 0.28 0.00
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Table 3., below displays the summary of means and standard deviations between four MetFlex 

Index™ decile groupings and 40+ grouping. Decile groupings were provided to observe the scaling 

of the MetFlex Index™ and each secondary variable.  

 

 

Table 3. Summary of means and standard deviations between MetFlex Index™ groups.  

 

Age and MetFlex Index™ 

The mean age was 47.5 years old with a range from 18 to 77 years. The pattern observed was 

inverse and negative as the greater the age of the participant, the lower the MetFlex Index™ and, 

reciprocally, the lower the age of the participant, the higher the MetFlex Index™ (Figure 2.). This 
pattern is consistent with historical VO2max findings where higher VO2max (aerobic capacity) is 

associated with younger to middle-aged adults and lower VO2max is associated with older adults. 
Noteworthy, there was variation observed in fitness levels within each age group suggesting that 

consistent exposure to movement via exercise and physical activity affords and sustains higher levels 

of fitness across the lifespan. Additionally, this is a small sample with mixed age and sex at various 
stages of acute and chronic rehabilitation, which could affect the age and metabolic fitness 

relationship.  

 

Figure 2. Regression between Age and MetFlex Index™ 

 

Table 4. displays the effect sizes (ES) between the lowest decile of the MetFlex Index™, 0-9.99, 
which we established as our control for comparison, to four other MetFlex Index™ groups relative to 

Age. Patterning suggests a greater effect size with higher levels of fitness relative to age. The 40+ 

mean std mean std mean std mean std mean std mean std mean std mean std mean std mean std

MetflexGroups

0-9.99 117.9 18.3 39.6 7.7 131.7 8.3 80.8 5.4 81.1 11.4 1.4 0.5 54.8 11.5 96.8 1.7 238.5 52.3 65.0 3.7

10-19.99 117.8 22.2 36.1 8.0 129.6 12.1 81.6 6.9 79.0 10.9 1.3 0.4 51.4 11.3 97.1 1.5 238.9 59.3 68.1 4.7

20-29.99 99.3 19.1 31.3 6.7 120.9 10.0 75.1 5.3 73.5 10.2 1.0 0.3 38.2 13.9 97.8 1.3 208.0 44.7 68.4 2.6

30-39.99 95.6 9.4 27.7 2.8 124.3 7.5 78.6 2.2 75.1 14.6 1.0 0.3 37.7 15.3 97.4 1.3 196.7 33.9 70.4 4.1

40+ 94.0 28.3 27.9 4.9 127.5 9.8 80.5 4.7 68.0 20.2 1.0 0.4 46.8 6.6 97.8 1.0 198.5 50.7 70.3 3.3

WC (cm) BMI SBP DBP RHR Rest La Age Sp02 Weight (lbs) Height (in)
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MetFlex Index™ group has a smaller number of participants and may be affecting the trend in the 

effect size.  

 

 

Table 4. Effect Sizes between Age and MetFlex Index™ groups.  

 

Table 5. compares our lowest MetFlex Index™ decile group to four other groups with progressively 

higher fitness. Confidence Intervals, T-stats, and P-values are displayed for comparison. The 40+ 
MetFlex Index™ group has a smaller sample size which may explain the statistical discrepancies in 

trending in that comparison group.   

 

 

Table 5. Confidence Intervals and T-stats between Age and MetFlex Index™ groups.  

 

Body Mass Index and MetFlex Index™ 

The mean BMI was 34.6 with a range from 20.7 to 55. The pattern observed was inverse and 

negative as the greater the MetFlex Index™ of the participant, the lower the BMI and, reciprocally, 

the lower the MetFlex Index™, the higher the BMI (Figure 3.). This pattern is consistent with 
historical findings of higher VO2max levels associated with lower BMIs. However, there was 

variation in fitness levels across each BMI group suggesting that consistent movement as exercise 
and physical activity affords higher levels of fitness across BMI levels. Additionally, this study only 

quantifies BMI and not body composition such as skeletal muscle mass and fat mass. BMI is also the 

denominator within the MetFlex Index™ equation.  

Variable Control Exp ES

Age 0-9.99 10-19.99 0.29

Age 0-9.99 20-29.99 1.30

Age 0-9.99 30-39.99 1.36

Age 0-9.99 40+ 0.73

Variable Group1 Group2 Mean Diff Pooled SD Std Er CI (95%) T-stat P-value

Age 0-9.99 10-19.99 3.36 11.42 3.38 (-3.3, 10) 1.00 0.32

Age 0-9.99 20-29.99 16.64 12.76 4.11 (8.6, 24.7) 4.07 0.00

Age 0-9.99 30-39.99 17.09 12.55 6.34 (4.7, 29.5) 3.10 0.00

Age 0-9.99 40+ 8.05 10.99 4.19 (-0.2, 16.3) 1.34 0.19
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Figure 3. Regression between BMI and MetFlex Index™ 

 

Table 6. displays the effect sizes between the lowest decile of MetFlex Index™, 0-9.99, which we 

established as our control for comparison, to four other MetFlex Index™ groups relative to BMI. 
Patterning suggests greater effect size with higher levels of fitness relative to BMI. The 40+ MetFlex 

Index™ group has a smaller number of participants and may be affecting the pattern.  

 

 

Table 6. Effect Sizes between BMI and MetFlex Index™ groups.  

 

Table 7. compares our lowest MetFlex Index™ group to four other groups with progressively higher 
fitness relative to BMI. Confidence Intervals, T-stats, and P-values are displayed for comparison. The 

40+ MetFlex Index™ group has a smaller sample size which may explain the discrepancies in that 
comparison group.  Additionally, BMI is the denominator in our power to weight ratio so BMI could 

be confounding here.  

 

 

Table 7. Confidence Intervals and T-stats between BMI and MetFlex Index™ groups. 

Variable Control Exp ES

BMI 0-9.99 10-19.99 0.45

BMI 0-9.99 20-29.99 1.16

BMI 0-9.99 30-39.99 1.73

BMI 0-9.99 40+ 1.58

Variable Group1 Group2 Mean Diff Pooled SD Std Er CI (95%) T-stat P-value

BMI 0-9.99 10-19.99 3.56 7.87 2.31 (-1, 8.1) 1.53 0.13

BMI 0-9.99 20-29.99 8.34 7.22 2.30 (3.8, 12.9) 3.61 0.00

BMI 0-9.99 30-39.99 11.91 6.87 2.03 (7.9, 15.9) 3.95 0.00

BMI 0-9.99 40+ 11.70 7.40 3.01 (5.8, 17.6) 2.89 0.01



 
11 

Waist Circumference and MetFlex Index™ 

The mean Waist Circumference in centimeters was 110.6 with a range from 74 to 156. The 

pattern observed was inversely and negatively correlated as the greater the MetFlex Index™ of the 
participant, the lower the Waist Circumference and, reciprocally, the lower the MetFlex Index™, the 

greater the Waist Circumference (Figure 4.). This pattern is consistent with historical VO2max 
findings where a higher VO2max is associated with lower Waist Circumference, an indirect measure 

of visceral fat. However, there was variation in fitness levels across each Waist Circumference group 

indicating that it may be that consistent movement as exercise and physical activity affords higher 

levels of fitness across Waist Circumference levels.  

 

Figure 4. Regression between Waist Circumference and MetFlex Index™ 

 

Table 7. displays the effect sizes between the lowest decile of MetFlex Index™, 0-9.99, which we 

established as our control for comparison, to four other MetFlex Index™ groups relative to Waist 

Circumference. Patterning suggests greater effect size with higher levels of fitness relative to Waist 
Circumference. The 40+ MetFlex Index™ group has a smaller number of participants and may be 

affecting the pattern.  

 

 

Table 7. Effect Sizes between Waist Circumference and MetFlex Index™ groups.  

 

Table 8. compares our lowest MetFlex Index™ group to four other groups with progressively higher 

fitness relative to Waist Circumference. Confidence Intervals, T-stats, and P-values are displayed for 

Variable Control Exp ES

WC 0-9.99 10-19.99 0.01

WC 0-9.99 20-29.99 1.00

WC 0-9.99 30-39.99 1.35

WC 0-9.99 40+ 1.26
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comparison. The 40+ MetFlex Index™ group has a smaller sample size which may explain the 

statistical discrepancies in that comparison group.   

 

 

Table 8. Confidence Intervals and T-stats between Waist Circumference and MetFlex Index™ groups.  

 

Height and MetFlex Index™ 

The mean Height in inches was 67.7 with a range from 56 to 75.5. The pattern observed was 
direct and positive as the greater the MetFlex Index™ of the participant, the greater the participant’s 

Height and, reciprocally, the lower the MetFlex Index™, the lower the Height. (Figure 5.). However, 

there was variation in fitness levels across each Height group indicating that it may be that consistent 

movement as exercise and physical activity affords higher levels of fitness across all Height levels.  

 

Figure 5. Regression between Height and MetFlex Index™ 

 

Table 9. displays the effect sizes between the lowest decile of MetFlex Index™, 0-9.99, which we 
established as our control for comparison, to four other MetFlex Index™ groups relative to Height. 

Patterning suggests greater effect size with higher levels of fitness relative to Height. The 40+ 

MetFlex Index™ group has a small number of participants and may be affecting the pattern.  

 

Variable Group1 Group2 Mean Diff Pooled SD Std Er CI (95%) T-stat P-value

WC (cm) 0-9.99 10-19.99 0.10 20.59 6.18 (-12, 12.2) 0.02 0.99

WC (cm) 0-9.99 20-29.99 18.59 18.66 6.48 (5.9, 31.3) 2.88 0.01

WC (cm) 0-9.99 30-39.99 22.32 16.51 5.49 (11.6, 33.1) 3.06 0.01

WC (cm) 0-9.99 40+ 23.89 18.95 20.44 (-16.2, 63.9) 1.70 0.11
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Table 9. Effect Sizes between Height and MetFlex Index™ groups.  

 

Table 10. compares our lowest MetFlex Index™ group to four other groups with progressively higher 

fitness relative to Height. Confidence Intervals, T-stats, and P-values are displayed for comparison. 

The 40+ MetFlex Index™ group has a smaller sample size which may explain the statistical 

discrepancies in that comparison group.   

 

 

Table 10. Confidence Intervals and T-stats between Height and MetFlex Index™ groups. 

 

Weight and MetFlex Index™ 

The mean Weight in pounds was 225.3 with a range from 126 to 360. The pattern observed was 

inverse and negative as the greater the MetFlex Index™ of the participant, the lower the participant’s 
Weight and, reciprocally, the lower the MetFlex Index™, the greater the Weight. (Figure 6.). 

However, there was variation in fitness levels across each Weight group indicating that it may be that 
consistent movement as exercise and physical activity affords higher levels of fitness across all 

Weight levels.  

 

Variable Control Exp ES

Height (in) 0-9.99 10-19.99 0.73

Height (in) 0-9.99 20-29.99 1.08

Height (in) 0-9.99 30-39.99 1.44

Height (in) 0-9.99 40+ 1.45

Variable Group1 Group2 Mean Diff Pooled SD Std Er CI (95%) T-stat P-value

Height (in) 0-9.99 10-19.99 -3.12 4.30 1.22 (-5.5, -0.7) -2.46 0.02

Height (in) 0-9.99 20-29.99 -3.43 3.19 1.01 (-5.4, -1.4) -3.36 0.00

Height (in) 0-9.99 30-39.99 -5.45 3.79 1.75 (-8.9, -2) -3.28 0.00

Height (in) 0-9.99 40+ -5.28 3.65 1.85 (-8.9, -1.7) -2.64 0.01



 
14 

 

Figure 6. Regression between Weight and MetFlex Index™ 

 

Table 11. displays the effect sizes between the lowest decile of MetFlex Index™, 0-9.99, which we 

established as our control for comparison, to four other MetFlex Index™ groups relative to Weight. 
Patterning suggests greater effect size with higher levels of fitness relative to Weight. The 40+ 

MetFlex Index™ group has a small number of participants and may be affecting the pattern.  

 

 

Table 11. Effect Sizes between Weight and MetFlex Index™ groups.  

 

Table 12. compares our lowest MetFlex Index™ group to four other groups with progressively higher 

fitness relative to Weight. Confidence Intervals, T-stats, and P-values are displayed for comparison. 
The 40+ MetFlex Index™ group has a smaller sample size which may explain the discrepancies in 

that comparison group.   

 

 

Variable Control Exp ES

Weight (lbs) 0-9.99 10-19.99 -0.01

Weight (lbs) 0-9.99 20-29.99 0.63

Weight (lbs) 0-9.99 30-39.99 0.86

Weight (lbs) 0-9.99 40+ 0.77

Variable Group1 Group2 Mean Diff Pooled SD Std Er CI (95%) T-stat P-value

Weight (lbs) 0-9.99 10-19.99 -0.37 56.48 16.35 (-32.4, 31.7) -0.02 0.98

Weight (lbs) 0-9.99 20-29.99 30.54 48.75 15.55 (0.1, 61) 1.96 0.06

Weight (lbs) 0-9.99 30-39.99 41.83 48.54 17.35 (7.8, 75.8) 1.96 0.06

Weight (lbs) 0-9.99 40+ 40.04 52.09 27.90 (-14.6, 94.7) 1.40 0.17
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Table 12. Confidence Intervals and T-stats between Weight and MetFlex Index™ groups. 

 

Resting Lactate and MetFlex Index™ 

The mean Resting Lactate in mmol was 1.2 with a range from 0.5 to 2.5. The pattern observed 

was inverse and negative as the greater the MetFlex Index™ of the participant, the lower the 
participant’s Resting Lactate level and, reciprocally, the lower the MetFlex Index™, the greater the 

Resting Lactate level (Figure 7.). However, there was variation in fitness levels across each Resting 
Lactate group suggesting that consistent movement as exercise and physical activity affords higher 

levels of fitness across all Resting Lactate levels. 

 

Figure 7. Regression between Resting Lactate and MetFlex Index™ 

 

Table 13. displays the effect sizes between the lowest decile of MetFlex Index™, 0-9.99, which we 
established as our control for comparison, to four other MetFlex Index™ groups relative to Resting 

Lactate. Patterning suggests greater effect size with higher levels of fitness relative to Resting 

Lactate. The 40+ MetFlex Index™ group has a small number of participants and may be affecting the 

pattern.  

 

 

Table 13. Effect Sizes between Resting Lactate and MetFlex Index™ groups.  

 

Variable Control Exp ES

Rest La 0-9.99 10-19.99 0.22

Rest La 0-9.99 20-29.99 0.74

Rest La 0-9.99 30-39.99 0.85

Rest La 0-9.99 40+ 0.66
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Table 14. compares our lowest MetFlex Index™ group to four other groups with progressively higher 

fitness relative to Resting Lactate. Confidence Intervals, T-stats, and P-values are displayed for 

comparison. The 40+ MetFlex Index™ group has a smaller sample size which may explain the 

statistical discrepancies in that comparison group.   

 

 

Table 14. Confidence Intervals and T-stats between Resting Lactate and MetFlex Index™ groups. 

 

Resting Heart Rate and MetFlex Index™ 

The mean Resting Heart Rate in beats per minute was 77.2 with a range from 55 to 99. The 

pattern observed was inverse and negative as the greater the MetFlex Index™ of the participant, the 
lower the participant’s Resting Heart Rate and, reciprocally, the lower the MetFlex Index™, the 

greater the Resting Heart Rate (Figure 8.). However, there was variation in fitness levels across each 
Resting Heart Rate group suggesting that consistent movement as exercise and physical activity 

affords higher levels of fitness across all Resting Heart Rate levels. 

 

 

Figure 8. Regression between Resting Heart Rate and MetFlex Index™ 

 

Table 15. displays the effect sizes between the lowest decile of MetFlex Index™, 0-9.99, which we 
established as our control for comparison, to four other MetFlex Index™ groups relative to Resting 

Heart Rate. Patterning suggests greater effect size with higher levels of fitness relative to Resting 

Heart Rate. The 40+ MetFlex Index™ group has a small number of participants and may be affecting 

the pattern.  

Variable Group1 Group2 Mean Diff Pooled SD Std Er CI (95%) T-stat P-value

Rest La 0-9.99 10-19.99 0.10 0.43 0.13 (-0.2, 0.4) 0.75 0.46

Rest La 0-9.99 20-29.99 0.32 0.44 0.14 (0.1, 0.6) 2.31 0.03

Rest La 0-9.99 30-39.99 0.40 0.47 0.16 (0.1, 0.7) 1.94 0.06

Rest La 0-9.99 40+ 0.33 0.50 0.24 (-0.1, 0.8) 1.21 0.24
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Table 15. Effect Sizes between Resting Heart Rate and MetFlex Index™ groups.  

 

Table 16. compares our lowest MetFlex Index™ group to four other groups with progressively higher 

fitness relative to Resting Heart Rate. Confidence Intervals, T-stats, and P-values are displayed for 

comparison. The 40+ MetFlex Index™ group has a smaller sample size which may explain the 

discrepancies in that comparison group.   

 

 

Table 16. Confidence Intervals and T-stats between Resting Heart Rate and MetFlex Index™ groups. 

 

Systolic Blood Pressure and MetFlex Index™ 

The mean Systolic Blood Pressure in mmHg was 127.4 with a range from 98 to 160. The 
pattern observed was inversely and negative as the greater the MetFlex Index™ of the participant, the 

lower the participant’s Systolic Blood Pressure and, reciprocally, the lower the MetFlex Index™, the 
greater the Systolic Blood Pressure (Figure 9.). However, there is variation in fitness levels across 

each Systolic Blood Pressure group suggesting that consistent movement as exercise and physical 

activity affords higher levels of fitness across all Systolic Blood Pressure levels. 

 

Variable Control Exp ES

RHR 0-9.99 10-19.99 0.19

RHR 0-9.99 20-29.99 0.71

RHR 0-9.99 30-39.99 0.49

RHR 0-9.99 40+ 1.01

Variable Group1 Group2 Mean Diff Pooled SD Std Er CI (95%) T-stat P-value

RHR 0-9.99 10-19.99 2.14 11.10 3.30 (-4.3, 8.6) 0.65 0.52

RHR 0-9.99 20-29.99 7.63 10.79 3.45 (0.9, 14.4) 2.21 0.03

RHR 0-9.99 30-39.99 5.96 12.22 6.07 (-5.9, 17.9) 1.11 0.28

RHR 0-9.99 40+ 13.10 12.93 10.42 (-7.3, 33.5) 1.85 0.08
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Figure 9. Regression between Systolic Blood Pressure and MetFlex Index™ 

 

Table 17. displays the effect sizes between the lowest decile of MetFlex Index™, 0-9.99, which we 

established as our control for comparison, to four other MetFlex Index™ groups relative to Systolic 
Blood Pressure. Patterning suggests greater effect size with higher levels of fitness relative to 

Systolic Blood Pressure. The 40+ MetFlex Index™ group, and the overall smaller sample size, may 

explain the discrepancies in that comparison group and overall trending.   

 

 

Table 17. Effect Sizes between Systolic Blood Pressure and MetFlex Index™ groups.  

 

Table 18. compares our lowest MetFlex Index™ group to four other groups with progressively higher 
fitness relative to Systolic Blood Pressure. Confidence Intervals, T-stats, and P-values are displayed 

for comparison. The 40+ MetFlex Index™ group, and the overall smaller sample size, may explain 

the discrepancies in that comparison group and overall trending.   

 

 

Variable Control Exp ES

SBP 0-9.99 10-19.99 0.19

SBP 0-9.99 20-29.99 1.18

SBP 0-9.99 30-39.99 0.92

SBP 0-9.99 40+ 0.49

Variable Group1 Group2 Mean Diff Pooled SD Std Er CI (95%) T-stat P-value

SBP 0-9.99 10-19.99 2.07 10.67 2.98 (-3.8, 7.9) 0.66 0.51

SBP 0-9.99 20-29.99 10.75 9.14 2.94 (5, 16.5) 3.67 0.00

SBP 0-9.99 30-39.99 7.41 8.09 3.39 (0.8, 14.1) 2.09 0.05

SBP 0-9.99 40+ 4.20 8.50 5.26 (-6.1, 14.5) 0.90 0.38
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Table 18. Confidence Intervals and T-stats between Systolic Blood Pressure and MetFlex Index™ groups 

 

Diastolic Blood Pressure and MetFlex Index™ 

The mean Diastolic Blood Pressure in mmHg was 79.4 with a range from 62 to 92. The pattern 
observed was inverse and negative as the greater the MetFlex Index™ of the participant, the lower 

the participant’s Diastolic Blood Pressure and, reciprocally, the lower the MetFlex Index™, the 
higher the Diastolic Blood Pressure (Figure 10.). However, there was variation in fitness levels 

across each Diastolic Blood Pressure group suggesting that consistent movement as exercise and 

activity affords higher levels of fitness across all Diastolic Blood Pressure levels. 

 

Figure 10. Regression between Diastolic Blood Pressure and MetFlex Index™ 

 

Table 19. displays the effect sizes between the lowest decile of MetFlex Index™, 0-9.99, which we 
established as our control for comparison, to four other MetFlex Index™ groups relative to Diastolic 

Blood Pressure. Patterning suggests greater effect size with higher levels of fitness relative to 

Diastolic Blood Pressure. The 40+ MetFlex Index™ group, and the overall smaller sample size, may 

explain the discrepancies in that comparison group and overall trending.   

 

 

Table 19. Effect Sizes between Diastolic Blood Pressure and MetFlex Index™ groups.  

 

Variable Control Exp ES

DBP 0-9.99 10-19.99 -0.12

DBP 0-9.99 20-29.99 1.06

DBP 0-9.99 30-39.99 0.46

DBP 0-9.99 40+ 0.06
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Table 20. compares our lowest MetFlex Index™ group to four other groups with progressively higher 

fitness relative to Diastolic Blood Pressure. Confidence Intervals, T-stats, and P-values are displayed 

for comparison. The 40+ MetFlex Index™ group, and the overall smaller sample size, may explain 

the discrepancies in that comparison group and overall trending. 

 

 

Table 20. Confidence Intervals and T-stats between Diastolic Blood Pressure and MetFlex Index™ groups. 

 

 

Pulse Oxygenation and MetFlex Index™ 

The mean Pulse Oxygenation in percent was 97.3 with a range from 93 to 99. The pattern 
observed was direct and positive as the greater the MetFlex Index™ of the participant, the greater the 

participant’s Pulse Oxygenation and the lower the MetFlex Index™, the lower the Pulse Oxygenation 
(Figure 11.). However, there is variation in fitness levels across each Pulse Oxygenation group 

suggesting that consistent movement as exercise and physical activity affords higher levels of fitness 

across all Pulse Oxygenation levels. 

 

Figure 11. Regression between Pulse Oxygenation and MetFlex Index™ 

 

Table 21. displays the effect sizes between the lowest decile of MetFlex Index™, 0-9.99, which we 
established as our control for comparison, to four other MetFlex Index™ groups relative to Pulse 

Oxygenation. Patterning suggests greater effect size with higher levels of fitness relative to Pulse 

Oxygenation. The 40+ MetFlex Index™ group and a smaller number of participants in the sample 

may be affecting the pattern.  

Variable Group1 Group2 Mean Diff Pooled SD Std Er CI (95%) T-stat P-value

DBP 0-9.99 10-19.99 -0.76 6.31 1.80 (-4.3, 2.8) -0.41 0.69

DBP 0-9.99 20-29.99 5.69 5.37 1.72 (2.3, 9.1) 3.31 0.00

DBP 0-9.99 30-39.99 2.23 4.87 1.48 (-0.7, 5.1) 1.04 0.31

DBP 0-9.99 40+ 0.30 5.35 2.66 (-4.9, 5.5) 0.10 0.92
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Table 21. Effect Sizes between Pulse Oxygenation and MetFlex Index™ groups.  

 

Table 22. compares our lowest MetFlex Index™ group to four other groups with progressively higher 

fitness relative to Pulse Oxygenation. Confidence Intervals, T-stats, and P-values are displayed for 

comparison. The 40+ MetFlex Index™ group has a smaller sample size which may explain the 

discrepancies in that comparison group.   

 

 

Table 22. Confidence Intervals and T-stats between Pulse Oxygenation and MetFlex Index™ groups. 

 

9 Discussion 

This observational study evaluated a sub-maximal exercise-based assessment using a lactate 

biomarker for describing metabolic flexibility. Initial findings support a safe and feasible application 
in adults in an outpatient rehabilitation setting. The MetFlex Index™ demonstrated patterns with 

common metrics of metabolic health providing utility of the Index for describing metabolic fitness in 
adult populations. Although a small sample size, we observed trending in various metrics with either 

increasing or decreasing MetFlex Index™ scores (in deciles). A higher MetFlex Index™ was 

associated with improved or normal values of metabolic health whereas a lower MetFlex Index™ 
was associated with worse or outside normal values of metabolic health. Larger samples will provide 

further clarification on the relationships between the MetFlex Index™ and other secondary variables 
of interest. Future studies that incorporate body composition may provide additional patterns of the 

MetFlex Index™ including metabolic flexibility and fitness relative to body fat mass, visceral fat, 

and skeletal muscle mass.  

10 Conclusion 

Historically, lactate was only assessed in critical care populations and in elite athletic 
performance. Our findings support an application for using lactate for assessing fitness in the general 

population. Additional applications for quantifying metabolic flexibility in clinical and nonclinical 

settings are needed as current methods of cardiopulmonary exercise testing (VO2) are not easily 

Variable Control Exp ES

SpO2 0-9.99 10-19.99 0.22

SpO2 0-9.99 20-29.99 0.69

SpO2 0-9.99 30-39.99 0.40

SpO2 0-9.99 40+ 0.60

Variable Group1 Group2 Mean Diff Pooled SD Std Er CI (95%) T-stat P-value

SpO2 0-9.99 10-19.99 -0.35 1.58 0.47 (-1.3, 0.6) -0.75 0.46

SpO2 0-9.99 20-29.99 -1.04 1.50 0.48 (-2, -0.1) -2.16 0.04

SpO2 0-9.99 30-39.99 -0.63 1.59 0.61 (-1.8, 0.6) -0.90 0.38

SpO2 0-9.99 40+ -0.95 1.59 0.61 (-2.1, 0.2) -1.09 0.29
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scalable due to poor accessibility to testing labs. This is partly due to: current staffing limitations and 

extensive education and training requirements; the technical aspects related to the management of lab 

equipment; and the facility-related costs of managing and maintaining a lab. Even if a lab were 
accessible (mostly in urban environments), one requires considerable ill health to participate in a 

cardiopulmonary exercise test (or stress test). Given the current state and trajectory of poor metabolic 
health and low fitness in the U.S., fitness tests should be scaled for access across health care and 

established as a standard of care, i.e., an “active” vital sign. Accessibility, safety, ease of testing, cost 

effectiveness, and capacity to scale within urban and rural outpatient settings are some potential 
benefits to using a lactate-based metabolic biomarker for examining metabolic flexibility in health, 

fitness, and potentially, disease and chronic condition management.  
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