
Techniques for Measuring Mitochondrial Metabolism Rates and 
ATP (State-of-the-Art)

Technique Invasiveness Setting Necessary Equipment Precision of
Measurement Variable Measured

Oxygen 
Consumption Rate
(OCR)

Minimally invasive 
(cell samples) to 
invasive (tissue 
biopsy)

Laboratory Seahorse XF Analyzer, high-
resolution respirometer

High (quantitative, real-
time oxygen consumption 
data)

Oxygen consumption 
(reflects mitochondrial 
respiration)

ATP Production 
Assay

Minimally invasive 
(cell samples) to 
invasive (tissue 
biopsy)

Laboratory
Luminescence plate reader, 
luciferase-based kits, mass 
spectrometer

High (quantitative ATP 
levels, nmol/mg protein) ATP concentration

Mitochondrial 
Membrane 
Potential

Minimally invasive 
(cell samples) to 
invasive (tissue 
biopsy)

Laboratory Fluorescence microscope, flow 
cytometer, JC-1/TMRM dyes

Moderate to high (semi-
quantitative fluorescence 
intensity)

Membrane potential 
(ΔΨm)

Enzyme Activity 
Assays

Invasive (tissue 
biopsy, typically 
muscle)

Laboratory
Spectrophotometer, assay kits 
(e.g., for citrate synthase, 
cytochrome c oxidase)

High (quantitative enzyme
activity, units/mg protein)

Activity of 
mitochondrial enzymes
(e.g., Complex IV)

Live-Cell Imaging 
(MitoTracker)

Minimally invasive 
(cell samples) to 
invasive (tissue)

Laboratory
Confocal microscope, 
MitoTracker dyes, NADH 
autofluorescence

Moderate (qualitative to 
semi-quantitative 
fluorescence)

Mitochondrial activity 
and localization

Blood-Based 
Metabolomics

Minimally invasive 
(blood draw) Laboratory Mass spectrometer, HPLC

High (quantitative 
metabolite levels, e.g., 
µmol/L)

Lactate, pyruvate, 
acylcarnitines

Notes on State-of-the-Art Techniques
• Invasiveness: Ranges from minimally invasive (blood draws, cell samples) to invasive (muscle biopsies), depending on the method. 
• Setting: Requires specialized laboratory equipment, making home use impractical. 
• Precision: Quantitative methods like OCR and ATP assays provide precise, numerical data, while imaging is more qualitative. 



• Variable Measured: Directly or indirectly assesses mitochondrial function, with ATP and oxygen consumption being key indicators 
of metabolism rate. 

Other Assessment Indicators for Mitochondrial Deficits or 
Excesses (State-of-the-Art)

Indicator Invasiveness Setting Necessary
Equipment

Precision of
Measurement

Variable
Measured

Relevance to
Mitochondrial Function

Lactate Levels
Minimally 
invasive (blood 
draw)

Laboratory 
or clinical

Blood gas analyzer, 
lactate meter

High (quantitative, 
mmol/L)

Blood lactate 
concentration

Elevated lactate suggests 
impaired mitochondrial 
oxidative phosphorylation 
(deficit).

Pyruvate 
Levels

Minimally 
invasive (blood 
draw)

Laboratory Mass spectrometer, 
enzymatic assays

High (quantitative, 
µmol/L)

Blood pyruvate 
concentration

Lactate-to-pyruvate ratio 
>20 indicates mitochondrial
dysfunction (deficit).

Acylcarnitine 
Profile

Minimally 
invasive (blood 
draw)

Laboratory Tandem mass 
spectrometry

High (quantitative, 
nmol/L)

Acylcarnitine 
species

Abnormal profiles suggest 
defective fatty acid 
oxidation (deficit).

Histochemical 
Staining

Invasive 
(muscle biopsy) Laboratory Microscope, staining 

kits (e.g., SDH, COX)
Moderate (qualitative
to semi-quantitative)

Mitochondrial 
enzyme 
distribution

Abnormal staining (e.g., 
ragged-red fibers) indicates 
mitochondrial deficits.

Electron 
Microscopy

Invasive 
(muscle biopsy) Laboratory Electron microscope High (qualitative 

structural analysis)
Mitochondrial 
morphology

Abnormal structure (e.g., 
swollen mitochondria) 
suggests deficits.

Genetic Testing
Minimally 
invasive (blood 
or saliva)

Laboratory PCR, next-generation 
sequencing

High (qualitative, 
mutation detection)

Mitochondrial or 
nuclear DNA 
mutations

Mutations confirm primary 
mitochondrial disorders 
(deficit).

Exercise 
Testing Non-invasive Clinical

Cardiopulmonary 
exercise testing 
(CPET) equipment

Moderate (semi-
quantitative)

VO2 max, lactate
threshold

Reduced VO2 max or early 
lactate rise suggests 
mitochondrial dysfunction 
(deficit).



Notes on State-of-the-Art Indicators
• Lactate and Pyruvate: Elevated lactate or high lactate-to-pyruvate ratio is a hallmark of mitochondrial dysfunction. 
• Acylcarnitines: Abnormal profiles indicate impaired fatty acid oxidation, linked to mitochondrial deficits. 
• Histochemical and Structural Analysis: Muscle biopsies provide direct evidence of mitochondrial abnormalities, used in suspected 

mitochondrial myopathies. 
• Genetic Testing: Confirms primary mitochondrial disorders via mtDNA or nuclear DNA mutations. 
• Exercise Testing: Non-invasive screening tool for mitochondrial dysfunction. 

Naturopathic Assessment Methods for Mitochondrial Metabolism 
and Function

Method Invasiveness Setting Necessary Equipment Precision of
Measurement

Variable
Measured

Reliability
Compared to

State-of-the-Art

Relevance to
Mitochondrial

Function

Urine 
Organic 
Acid Testing

Non-invasive 
(urine sample)

Laboratory 
or clinical 
(naturopathic
clinic)

Gas chromatography-
mass spectrometry 
(GC-MS)

Moderate (semi-
quantitative, 
metabolite patterns)

Organic 
acids (e.g., 
citrate, 
succinate, 
malate)

Moderate: 
Reliable for 
detecting 
metabolic 
patterns but less 
specific than 
blood-based 
metabolomics or 
OCR. Requires 
validation with 
clinical tests.

Elevated Krebs 
cycle 
intermediates or
abnormal 
organic acids 
may suggest 
mitochondrial 
dysfunction.

Symptom-
Based 
Questionnair
es

Non-invasive Home or 
clinical

None (questionnaire 
forms)

Low (subjective, 
qualitative)

Symptom 
scores (e.g.,
fatigue, 
muscle 
pain)

Low: Highly 
subjective, lacks 
specificity 
compared to 
OCR, ATP 
assays, or genetic

Symptoms like 
chronic fatigue 
or exercise 
intolerance may
suggest 
mitochondrial 



Method Invasiveness Setting Necessary Equipment Precision of
Measurement

Variable
Measured

Reliability
Compared to

State-of-the-Art

Relevance to
Mitochondrial

Function
testing. Useful 
for initial 
screening only.

deficits but are 
non-specific.

Nutritional 
Deficiency 
Testing

Minimally 
invasive (blood
or hair sample)

Laboratory 
or clinical

Spectrophotometry, 
ELISA

Moderate 
(quantitative for 
nutrient levels)

Levels of 
CoQ10, 
carnitine, B
vitamins

Moderate: 
Indirect measure;
low levels of 
mitochondrial 
cofactors (e.g., 
CoQ10) correlate
with dysfunction 
but are less 
precise than 
direct ATP or 
OCR 
measurements.

Deficiencies in 
mitochondrial 
cofactors may 
indicate 
impaired 
function.

Bioenergetic 
Testing (e.g., 
Applied 
Kinesiology)

Non-invasive
Clinical 
(naturopathic
)

None (manual muscle 
testing)

Low (subjective, 
qualitative)

Muscle 
response to 
stimuli

Very Low: Lacks
scientific 
validation 
compared to 
state-of-the-art 
methods like 
histochemical 
staining or 
electron 
microscopy.

Claims to 
assess energy 
flow but lacks 
evidence for 
mitochondrial 
specificity.

Hair 
Mineral 
Analysis

Non-invasive 
(hair sample)

Laboratory Inductively coupled 
plasma mass 
spectrometry (ICP-MS)

Low to moderate 
(quantitative for 
minerals)

Mineral 
levels (e.g.,
magnesium
, zinc)

Low: Indirect 
and non-specific 
compared to 
metabolomics or 
enzyme assays. 
Limited evidence
for mitochondrial

Imbalances in 
minerals critical
for 
mitochondrial 
function may 
suggest deficits.



Method Invasiveness Setting Necessary Equipment Precision of
Measurement

Variable
Measured

Reliability
Compared to

State-of-the-Art

Relevance to
Mitochondrial

Function
assessment.

Functional 
Medicine 
Panels

Minimally 
invasive 
(blood, urine, 
or stool)

Laboratory Multiplex assays, LC-
MS

Moderate (semi-
quantitative)

Oxidative 
stress 
markers, 
mitochondr
ial 
metabolites

Moderate: 
Provides broader
metabolic 
context but less 
direct than OCR 
or membrane 
potential assays. 
Requires clinical 
correlation.

Elevated 
oxidative stress 
or abnormal 
metabolites 
may indicate 
mitochondrial 
dysfunction.

Notes on Naturopathic Methods
• Invasiveness: Mostly non-invasive (urine, hair) or minimally invasive (blood), making them accessible for naturopathic practice. 
• Setting: Some methods (e.g., questionnaires) can be done at home, but most require laboratory analysis or clinical settings. 
• Precision: Generally lower than state-of-the-art methods, with more reliance on indirect or subjective measures. 
• Reliability: Naturopathic methods are less reliable and specific than conventional techniques like OCR, ATP assays, or genetic 

testing due to limited standardization and validation. They are best used as complementary screening tools. 
• Variable Measured: Focus on indirect indicators (e.g., metabolites, symptoms) rather than direct mitochondrial function (e.g., ATP 

production, oxygen consumption). 

How Clinicians and Naturopaths Confirm or Suspect 
Mitochondrial Deficits or Excesses
State-of-the-Art (Conventional) Approach
Clinicians use a stepwise, evidence-based approach to confirm or suspect mitochondrial deficits or excesses, relying on precise, validated 
techniques:



1. Clinical Evaluation: Symptoms like fatigue, muscle weakness, exercise intolerance, seizures, or multisystem issues (e.g., 
cardiomyopathy) raise suspicion. Family history of mitochondrial disorders is critical. 

2. Biochemical Testing:
• Elevated blood lactate or lactate-to-pyruvate ratio (>20) strongly suggests mitochondrial deficits. 
• Abnormal acylcarnitine profiles indicate defective fatty acid oxidation. 

3. Functional Testing:
• OCR and ATP assays (via Seahorse XF Analyzer or luminescence kits) provide direct, quantitative measures of mitochondrial 

metabolism, confirming deficits. 
• Exercise testing (CPET) showing reduced VO2 max or early lactate rise supports suspicion. 

4. Imaging and Histology:
• Muscle biopsies with histochemical staining (e.g., ragged-red fibers, reduced COX activity) or electron microscopy (abnormal

mitochondrial morphology) confirm deficits. 
5. Genetic Testing:

• Sequencing of mtDNA or nuclear genes (e.g., for MELAS, MERRF) provides definitive diagnosis of primary mitochondrial 
disorders. 

6. Mitochondrial Excesses: Rare but may be suspected in conditions like cancer, where increased metabolic activity is detected via 
PET scans or oxidative stress markers. 

Diagnostic Workflow:

• Start with non-invasive tests (lactate, pyruvate, exercise testing). 
• Proceed to minimally invasive tests (metabolomics, genetic testing) if suspicion persists. 
• Use invasive methods (biopsies, OCR/ATP assays) for definitive diagnosis in specialized centers. 
• Rule out other metabolic or neuromuscular disorders using combined findings. 

Naturopathic Approach
Naturopaths often use a holistic approach, focusing on non-invasive or minimally invasive methods to suspect mitochondrial dysfunction, 
typically as part of a broader functional medicine assessment:

1. Symptom-Based Questionnaires: Chronic fatigue, muscle pain, or cognitive issues may suggest mitochondrial deficits. These are 
non-specific and used for initial screening, with low reliability compared to biochemical tests. 



2. Urine Organic Acid Testing: Detects abnormal levels of Krebs cycle intermediates (e.g., citrate, succinate) or other metabolites. 
Moderately reliable but less specific than blood-based metabolomics or OCR. 

3. Nutritional Deficiency Testing: Low levels of mitochondrial cofactors (e.g., CoQ10, carnitine, B vitamins බ 6vitamins) suggest 
impaired function. Moderately reliable but indirect compared to ATP assays. 

4. Bioenergetic Testing: Methods like applied kinesiology claim to assess energy flow but lack scientific validation and are unreliable 
compared to state-of-the-art methods. 

5. Hair Mineral Analysis: Measures minerals like magnesium or zinc, which support mitochondrial function. Low reliability due to 
limited specificity. 

6. Functional Medicine Panels: Assess oxidative stress or metabolites via blood, urine, or stool. Moderately reliable but less direct 
than OCR or membrane potential assays. 

Reliability Comparison:

• Naturopathic methods are generally less reliable due to their indirect nature, subjective interpretation, or lack of standardization. For 
example, urine organic acid testing can identify metabolic patterns but lacks the specificity of OCR or genetic testing. Symptom 
questionnaires are highly subjective, unlike quantitative ATP measurements. Naturopathic methods are best used as complementary 
tools to guide further clinical testing. 

Practical Considerations
• State-of-the-Art: These methods (e.g., OCR, ATP assays, genetic testing) represent the gold standard for diagnosing mitochondrial 

disorders due to their high precision, specificity, and validation. They are typically performed in specialized laboratories or clinical 
settings. 

• Naturopathic Methods: These are more accessible and less invasive, often used in naturopathic or functional medicine practices to 
screen for mitochondrial dysfunction. However, their lower reliability means they should be followed by conventional testing for 
confirmation. 

• Mitochondrial Excesses: Both approaches rarely address excesses directly. Conventional methods (e.g., PET scans, oxidative stress 
markers) are more reliable for detecting hyperactive mitochondrial metabolism (e.g., in cancer). 

• Integration: Naturopathic methods can complement conventional approaches by identifying potential issues early (e.g., via 
symptoms or urine tests), prompting further investigation with state-of-the-art techniques. 


