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A. Introduction and Background 

 
i. Mitochondrial Disorders 
The clinical phenotype of patients with mitochondrial disorders varies considerably from one 
patient to another, even between patients having the same disease-causing mutation. The 
phenotype usually encompasses a wide spectrum ranging from the involvement of a single 
tissue or organ system to multisystem involvement.  Establishing the diagnosis of a 
mitochondrial disease can be challenging and hence the development of guidelines for a 
diagnostic approach has become necessary (Pfeffer and Chinnery, 2013). 
 

 

Figure 1: Schematic of a mitochondrion.  Source: Wikimedia Commons (accessed July 28, 2016). 

 
 Mitochondria (Figure 1) are present in most human cells.  Mitochondria are involved in 
many functions important in the human body, such as steroid synthesis and apoptosis (Nelson 
and Cox 2008); however, perhaps their most important function is generating Adenosine 
Triphosphate (ATP) through oxidative phosphorylation.  ATP is the main energy source for cells 
in the human body.  In oxidative phosphorylation, acetyl-CoA is metabolized by the Krebs cycle 
into carbon dioxide and water, so as to generate Nicotinamide Adenine Dinucleotide (NADH) 
and Flavin Adenine Dinucleotide (FADH2), as well as Guanosine Triphosphate (GTP).  While 
GTP can be directly converted to ATP, FADH2 and NADH must be reduced by the electron 
transport chain (ETC) to produce ATP (Nelson and Cox 2008). 
 
 The electron transport chain (ETC) contains 4 protein complexes (complex I, II, III, and 
IV), as well as co-enzyme Q (CoQ) and cytochrome c (cyt c), and an F-type ATP synthase 
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(referred to as complex V).  The function of the ETC is to oxidize NADH to NAD+ (performed by 
complex I) and FADH2 to FAD (performed by complex II).  The electrons from oxidizing NADH 
and FADH2 are passed along the complexes, until reaching complex 4, where the electron is 
transferred to oxygen to generate water (4H+ + O2 + 4e- ⇌ 2H2O).  As the electrons pass 
through the ETC, protons are moved from inside the mitochondria to the inter-membrane space 
between the inner and outer mitochondrial membranes.  Energy is generated by allowing the 
protons back into the mitochondrial matrix through the F-Type ATP synthase (Nelson and Cox 
2008). 
 
 Mitochondrial defects can result from an abnormality in any step of oxidative 
phosphorylation.  While Krebs cycle defects do also occur, ETC defects are much more 
common (Rustin et al., 1997).  Mitochondrial defects may be inherited by either nuclear or 
mitochondrial inheritance patterns.  With the exception of complex II (which is only encoded on 
nuclear DNA), each complex in the Electron Transport Chain contains subunits that are 
encoded by both mitochondrial and nuclear DNA.  In addition, mitochondria synthesize part of 
the ETC using their own ribosomes and protein synthesis genes.  Thus, mitochondrial 
disorders can result from mutations in nuclear genes, in mitochondrial DNA encoded ETC 
genes, or in mitochondrial protein synthesis genes (DiMauro et al., 2003; Pfeffer and Chinnery 
2013; Tuppen et al., 2010). 
 
 Current guidelines classify patients suspected of mitochondrial disease into three 
categories: definite, probable, or possible mitochondrial disease, according to the presence or 
absence of a set of major and minor diagnostic criteria (Walker et al., 1996). The major 
diagnostic criteria are based on clinical presentation, biochemical evidence of respiratory chain 
deficiency, muscle morphology and molecular genetic findings. The minor criteria that have 
been suggested include metabolic markers of impaired respiratory chain function, such as: 
elevated resting or peak exercise-induced plasma lactate, reduced oxidative capacity on cycle 
ergometry, and impaired metabolism in brain or muscle assessed by 31phosphorous magnetic 
resonance spectroscopy (31P-MRS). 
 
 There are currently no treatments available which modify the clinical disease end-points.  
Current therapy is focused on managing disease complications.  For example, annual cardiac 
evaluation may aid in the early detection of cardiovascular disease associated with 
mitochondrial myopathies, such as Kearns-Sayre Syndrome (KSS).  This, in turn, may lead to 
decreased cardiac morbidity from the mitochondrial disorder.  In addition, the diagnosis of 
mitochondrial myopathy may help the patient avoid medications and agents which may worsen 
their condition, such as valproic acid and statin therapy (Pfeffer and Chinnery, 2013). 
 
ii. Lactate:Pyruvate (L:P) ratio 
Chronic lactic acidemia is a known feature of a diverse group of inborn errors of metabolism 
including mitochondrial disorders and can be demonstrated in skin fibroblasts grown in culture 
from skin biopsies obtained from patients. One of the well-known diagnostic approaches for 
primary mitochondrial disorders involves the measurement of the production of lactate and 
pyruvate in fibroblast cultures after incubation in a glucose-containing medium. When glucose is 
metabolized by skin fibroblasts, the end product of glycolysis is pyruvic acid. This molecule in 
most oxidative tissues is oxidized either to acetyl coenzyme A (CoA) through pyruvate 
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dehydrogenase (PDH), or reduced to form lactic acid by NADH and lactate dehydrogenase 
(LDH). The extent to which the latter reaction takes place is controlled by the rate of flux of 
pyruvate through PDH into the citric acid cycle and the extent of reduction of the NADH/NAD 
ratio in the cytosol, i.e., the L:P ratio is in equilibrium with the NADH/NAD ratio (Figure 2). 
 

 

Figure 2: Diagram showing the relationship between the lactate:pyruvate ratio and the NADH:NAD+ ratio. 

 
After incubating cells with glucose, the measurement of the amount of lactate and pyruvate 
accumulated can give an indication of the absolute rate of lactate production. It is also a 
measure of whether the flux of pyruvate into the respiratory chain is compromised by a defect in 
pyruvate dehydrogenase (normal L:P ratio) or by a defect in the respiratory chain (high L:P 
ratio) (Robinson, et al., 1986; Robinson, 1996; Mackay and Robinson, 2007). 
 
 In the evaluation of lactic acidemia resulting from an inborn error of energy metabolism 
[a primary disorder of pyruvate metabolism or a primary mitochondrial (respiratory chain) 
disorder], patient management includes the diagnostic evaluation of the lactate:pyruvate ratio in 
skin fibroblast cultures or whole blood, in addition to other diagnostic tests, both invasive 
(muscle biopsy) and non-invasive (such as lactate measurement, serum CK levels; 
electrophysiology studies; exercise testing) (Milone and Wong 2013). 
 
 However. fibroblast analysis requires a punch skin biopsy which is relatively invasive to 
the patient.  Moreover the actual biochemical measurement of the L:P ratio must await the 
availability of an adequate number of cultured skin fibroblasts; these are grown from the skin 
biopsy in culture, and require six to eight weeks of culture time.  The measurement of the L:P 
ratio in whole blood requires 1 day of laboratory technician time and is very labour intensive. 
The delay in obtaining diagnostic results and the invasive nature of skin biopsies decrease the 
diagnostic utility of such testing. Assessment of the L:P ratio in muscle using magnetic 
resonance spectroscopy (1H-MRS) offers an attractive screening alternative to the invasive, 
relatively expensive and time consuming procedures.  Here we propose to evaluate the utility of 
1H-MRS as a screening tool in patients suspected to have mitochondrial disorders. 
 
 
iii. Magnetic Resonance Spectroscopy (MRS) 
Magnetic Resonance Spectroscopy (MRS) is a tool which can be used to analyze the 
metabolites of patients.  Only phosphorus (31P) and hydrogen (1H) nuclei exist in vivo in 
concentrations high enough for routine clinical evaluation.  MRS imaging can also be 
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performed using single or multiple voxel techniques (Gujar et al., 2005). 
 
 Many nuclei, such as hydrogen (1H), possess intrinsic angular momentum, called spin.  
The spin of the nuclei generates a magnetic moment, which makes the nuclei behave like tiny 
spinning bar magnets.  Because these are normally oriented randomly, the magnetic moments 
will macroscopically cancel out; however, when the nuclei are placed in a strong magnetic field, 
such as that of an MRI machine, the nuclei will orient their spin in a finite number of spin states 
(for 1H, there are two spin states: +½ and -½).  If the axis of spin is in the opposite direction of 
the field, then the spin state is slightly higher energy than if the axis is pointed in the same 
direction as the magnetic field; this is known as the Zeeman Effect.  Due to the energy 
difference, fewer nuclei are aligned opposite to the main magnetic field; however, it is these 
nuclei that generate the MRS signal (Pohmann 2011). 
 
 In an MRI machine, nuclei are initially magnetized by the longitudinal magnetic field 
denoted herein as B0.  If an additional magnetic field (B1), known as an excitation pulse, 
perpendicular (90º) to B0, is applied to the nuclei, it will cause the nuclei to deflect their rotation.  
If B1 follows the procession of the nuclei, it can cause the nuclei to precess as they rotate along 
their axis of rotation.  This rotation can be imagined as the rotation of a spinning top.  If the 
rotation frequency of B1 is equal to the Larmor frequency (ν1), the nuclei will transition between 

spin states.  The Larmor frequency is defined by the equation 𝑣1 =
𝛾

2𝜋
 𝐵1 (where γ is the 

gyromagnetic ratio, an intrinsic property of the nuclei of interest).  When the B1 magnetic field is 
turned off, an electromagnetic resonance signal will be generated from the nuclei rotating 
around the B0 magnetic field.  However, only the transverse component of this signal can be 
detected, thus excitation pulses parallel to B0, do not generate resonance.  Resonance signals 
are detected in MRS by a radio-frequency receiver (Pohmann 2011). 
 

 

Figure 3: Left - Diagram depicting the Larmor precession.  Right - Free Induction Delay (FID) of an MRS signal.  

Source: Wikimedia Commons (accessed July 28, 2016). 

 
 Each nucleus in the magnetic field experiences a different magnetic environment; thus, 
as soon as the magnetic field B1 is removed, the nuclei begin to reorient their spins in response 
to their local magnetic environment.  This causes an exponential decay in the signal; however, 
due to the precession motion induced by B1, the decaying signal oscillates.  This decaying and 
oscillating signal is called the Free Induction Decay (FID) (Figure 3) (Pohmann 2011). 
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Figure 4: Time sequence diagram of a group of protons demonstrating spin-echo resonance, when 2 pulse gradients 

are applied.  A-G represents the step-wise progression of time.  The z-axis represents the longitudinal magnetic 

field applied by the permanent MRI magnet, the orange arrows represent the 2 pulse gradients, and the green arrows 

represent the magnetic signal from the protons.  Source: Wikimedia Commons (accessed July 28, 2016). 

 
As described above, when a 90 degree excitation pulse B1 is applied to a sample, the 

magnetic moments of the protons align with the field, and then begin to spread out in the 
transverse plane due to slightly differing Larmor frequencies depending on their environment. 
So, if a second radiofrequency pulse with flip angle 180° is applied to the nuclei, the magnetic 
moments of the nuclei flip.  Because the momentum of the nuclei is the same, the nuclei will 
produce an echo signal in the opposite direction. This is called the spin echo and is used 
extensively in MRI.  The strength of this echo will depend on the time between the pulse 
gradients, and the FID of the signal (Pohmann 2011). 
 
 Point Resolved Spectroscopy (PRESS) is a method used to obtain information for a 
single voxel in MRS.  PRESS localizes information from voxels by utilizing the spin-echo 
property of protons.  In PRESS, 3 slice-selective pulses are applied to the protons.  The first 
two pulses are the same as those described above in the spin-echo section except the slice 
orientation of the slice-selective 180 degree pulse is orthogonal to that of the 90 degree pulse. 
The third pulse which is orthogonal to the first two (Gz and Gy) is applied to the sample.  
However, in PRESS, each gradient is applied specifically to an area of interest.  The 
intersection of each of the slice-selective pulses corresponds to the voxel. Additional techniques 
such as Outer Volume Suppression (OVS) may be employed to further reduce the noise from 
areas of non-interest (Braakman 2008; Voevodskaya 2012; Merugumala et al., 2014) (Figure 6). 
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iv. Lactate editing 
 

 

Figure 5: Proton MRS spectra of muscle in a control (MSGS2-001) participant prior to exercise.  Note the 1.32ppm 

lactate peak is eclipsed by the 1.3ppm intramyocellular and 1.5ppm extramyocellular lipid peaks. 

 
Because there is significant overlap between the lactate peak (1.32 ppm) and the much larger 
lipid peaks (an intramyocellular lipid [IMCL] peak at 1.3 ppm and an extramyocellular lipid 
[EMCL] peak at 1.5 ppm) in skeletal muscle (Figure 5 and Table 1), lactate editing is necessary 
to determine the amount of lactate level in muscle. 
 

 Lactate Pyruvate 

Spectra 

  

Proton 
Electron 
Clouds 

  

Table 1: Lactate vs. Pyruvate - 1H-MRS phantom peaks and hydrogen electron clouds. Lactate peaks are: doublet at 

1.32 ppm and a quadruplet at 4.1 ppm; pyruvate peak is a singlet at 2.46 ppm.  Spectra from HMDB: http://hmdb.ca 

(accessed August 1, 2016). 

  
Mescher–Garwood Point Resolved Spectroscopy (MEGA-PRESS) can be used in 1H-MRS to 
edit for lactate peaks.  In MEGA-PRESS, two additional frequency-selective MEGA pulses are 
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added to the PRESS sequence on every odd-numbered sample (i.e. odd numbered samples 
use the MEGA-PRESS sequence, and even numbered samples use the PRESS sequence) 
(Figure 6).  The frequency-selective pulse gradients are applied after each of the 180° PRESS 
pulses (i.e. after every PRESS pulse except the initial 90° pulse).  The two frequency-selective 
pulses are identical in nature, and target a resonance peak in a molecule of interest (e.g. 4.1 
ppm in lactate).  The frequency-selective pulses target the frequency of one of the hydrogen 
peaks in a molecule of interest.  Because of J-coupling interactions, the pulses enhance the 
hydrogen peaks on the carbons adjacent the targeted hydrogen (e.g. the 1.32 ppm peak in 
lactate).  This enhancement may be utilized to allow the extraction of the lactate peak from the 
overlapping lipid peak.  (Mescher et al., 1998; Edden et al., 2010; Voevodskaya 2012; 
Merugumala et al., 2014; Moll et al., 2015) 
 

 

Figure 6: MEGA-PRESS.  (a) represents the geometric relationship of the PRESS pulses to the voxel zone.  (b) 

represents the temporal relationship of the PRESS pulses (90°, 180°, 180°) to the voxel.  (b) also depicts the 

temporal relationship between the MEGA frequency-selective pulses and the PRESS 180° pulses. 

 
v. MRS in mitochondrial myopathy 
One important metabolite commonly measured in mitochondrial myopathy patients using 1H-
MRS is lactate.  Defects in oxidative phosphorylation can lead to the accumulation of lactate in 
the brain, which is clinically useful in evaluating certain mitochondrial disorder patients – 
including those affected by Kearns-Sayre Syndrome (KSS), MELAS (mitochondrial 
encephalomyopathy, lactic acidosis, and stroke-like episodes), and MERRF (myoclonic epilepsy 
with ragged red fibres).  Also, pyruvate is commonly measured using 1H-MRS, when evaluating 
patients for brain abscess (Gujar et al., 2005).  Thus, it is conceivable that both lactate and 
pyruvate may be measured in muscle tissue using 1H-MRS. 
 
 Numerous studies have used 31P-MRS to investigate mitochondrial disease in muscle at 
rest and during exercise (Chen et al., 2001; Kepm et al., 1993; Kuhl et al., 1994; Matthews et 
al., 1991; Tarnopolsky and Parise, 1999; Taylor et al., 1994; Dysgaard et al., 2007). These 
studies attempted the evaluation of mitochondrial function by measuring the kinetics of 
phosphocreatine (PCr), ATP, pH, and inorganic phosphate (Pi) involved in muscle energy 
metabolism.  While 31P-MRS findings can be very specific for mitochondrial myopathy, and 
useful in a research setting, their sensitivity is limited, thereby limiting their usefulness in 
screening patients for mitochondrial myopathy (Milone and Wong 2013; Jeppesen et al., 2007).    
 



Graham Alvare 

- 10 - 

 Unlike 31P-MRS, there have been no studies specifically and systematically evaluating 
the sensitivity, specificity, positive and negative predictive values of using 1H-MRS to evaluate 
the total amount of lactate and pyruvate and the ratio between them in muscle, in patients with 
proven mitochondrial disease, as compared with other commonly used diagnostic procedures, 
such as skin fibroblast studies and biochemical testing in muscle tissue.  
 
 

B. Materials and Methods 

 

i. Hypothesis 
Skeletal muscle proton 1H-MRS determines the total amount of lactate and pyruvate, and the 
ratio between them offers a non-invasive, rapid, cost-effective, and sensitive screening tool, 
obviating the need for in vitro studies in patients with suspected primary or secondary disorders 
of energy metabolism (mitochondrial disorders). 
 
ii. Objective 
To assess the value of muscle L:P ratio as determined by proton magnetic resonance 
spectroscopy (1H-MRS) as a screening tool in the evaluation of patients with suspected primary 
and secondary disorders of energy metabolism (mitochondrial disorder).  A sensitive screening 
test would allow clinicians to decide whom to offer a muscle biopsy and/or DNA studies. 
 
iii. Study participants: 
Three patients with a confirmed diagnosis of a mitochondrial myopathy were enrolled as our 
study group (Table 3).  Three age-matched healthy subjects were enrolled as a control group.  
The inclusion and exclusion criteria are outlined below: 
 

Inclusion criteria Exclusion criteria 

a. Confirmed diagnosis of a 
mitochondrial myopathy. 
b. Consenting adult. 
c. Patient must have had a skin biopsy 
as part of the diagnostic work up, or 
other definitive testing (i.e. DNA testing) 

a. Patient is unable to give consent. 
b. Presence of concomitant health problems 
that would preclude participation. 

 
 All patients with relevant confirmed diagnoses are actively followed through the Program 
of Genetics and Metabolism, Winnipeg Regional Health Authority, either in the adult metabolic 
clinic or in the general genetics clinic.  Please note that as diagnostic methods have evolved to 
include DNA analysis and other advanced methods, not all of the patients have had their 
diagnoses confirmed with L:P ratios in cultured fibroblasts. 
 
 After securing the appropriate informed consent, each subject was offered written 
information and a discussion about the informed consent. An independent Research Assistant, 
who is not involved in the patient’s care, obtained the informed consent. Volunteer age-matched 
healthy controls were recruited after the patient's informed consent was obtained. 
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iv. Proton magnetic resonance spectroscopy (1H-MRS) of skeletal muscles: 
Prior to undergoing the MRS, the subjects received an explanation of the procedure by the 
technician performing the procedure.  No sedation or pharmacologic intervention was 
administered.  During scans, each subject was required to stay in a supine position to allow for 
positioning of the machine around the mid-thigh.  The time required for each study participant 
was approximately 45 minutes. 
 
 A custom apparatus was used to stabilize the leg in its resting position with 
approximately 60 degrees of knee flexion.  The apparatus was positioned on the MRI bed such 
that the subject would lay supine with his/her leg supported with Velcro straps fastened just 
above the knees.  Towels were positioned underneath the legs for comfort.  Additionally, MRI-
compatible sandbag weights were attached to the study participant’s left ankle to hasten muscle 
fatigue during the exercise portion of our study. 
 
 The 3.0-Tesla whole-body MRI system (Magnetom Verio, Siemens, Erlangen, Germany) 
equipped with a high-power VQ-Engine gradient set (45 mT/m @ 200 T/m/s), located at the 
Kleysen Institute for Advanced Medicine (KIAM), Winnipeg, Manitoba, was used to perform the 
localized magnetic resonance spectroscopy (MRS) study. 
 
 First, a T2 scout sequence was obtained to localize a single voxel over the left vastus 
lateralis muscle.  After voxel localization, MRS spectra were obtained both pre and post-
exercise, using MEGA-PRESS to edit for lactate.  The study participant was then brought out of 
the machine (while still lying on the MRI table) so he or she could perform the exercise routine. 
 
 Our exercise routine consisted of repeated knee extensions, which were performed with 
the patient lying on the MRI table, so as to minimize thigh movement (and thus minimize voxel 
movement).  Each knee extension was held for 10 seconds and followed by 2 seconds of rest.  
The study participants were instructed to continue exercising until fatigued, to a subjective level 
of approximately 7 out of 10, where 1 is not fatigued, and 10 is the most fatigued the study 
participant has ever been. 
 
 Once the study participant was fatigued to a level of 7 out of 10, the MRI table and the 
study participant re-entered the machine for a post-exercise scan.  The voxel was assumed to 
be in roughly the same position, due to the measures we took to minimize thigh movement.  
After the post-exercise MRS scan, the subject exited the MRI machine, and was sent home. 
 
 For each MRS scan we used MEGA-PRESS to obtain both lactate-edited and unedited 
PRESS spectra from the single voxel over the left vastus lateralis.  For lactate-editing, we used 
a frequency-selection pulse at 4.1 ppm, which enhanced the 1.32 ppm lactate peak.  In 
addition, we used the standard water-suppression sequence available on the Magnetom Verio 
machine.   
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C. Results and Discussion 

 
Table 2 lists the unedited proton MRS peaks observed in study participants and controls (*note 
4.1 ppm lactate was not seen but used for MEGAPRESS) 

 

Intramyocellular lipid (IMCL) CH3 0.93 ppm 

Lactate CH3 group 1.32 ppm (difficult to see due to overlapping lipid 
peaks) 

Intramyocellular lipid (IMCL) CH2 1.3 ppm (known to reduce after heavy exercise) 

Extramyocellular lipid (EMCL) CH2 1.5 ppm 

Acetyl resonance from Acetylcarnitine 2.13 ppm (only observed after heavy exercise) 

Additional resonances from 
EMCL/IMCL 

2.3 ppm 

Creatine CH3 3.03 ppm 

Tetramethylamine (TMA) 3.23 ppm 

Taurine 3.35 ppm 

Creatine CH2 3.93 ppm 

Lactate CH* 4.1 ppm 

Table 2: peaks observed in study participants and controls (* note 4.1ppm lactate peak was not seen, but used for 

MEGA-PRESS) 

The study participants – patients -- are summarized below in Table 3. Age and sex matched 
healthy controls were also enrolled (data not shown). 
 

Patient# Age Gender Diagnosis First presentation 

MSGS1-001 65 Female CPEO ptosis at age 33 

MSGS1-002 50 Female KSS childhood arrhythmia, ptosis at age 20 

MSGS1-003 55 Male MELAS hearing loss at age 20 

Table 3: patient study participants – CPEO = Chronic Progressive External Ophthalmoplegia; KSS = Kearns Sayre 

Syndrome; MELAS = Mitochondrial Encephalomyopathy, Lactic acidosis, And Stroke-like episodes 

 

Table 4 and Table 5 the following pages show unedited and edited spectra from patients and 
healthy controls respectively: 
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i. Patients (MSGS1) 

 Unedited PRESS spectra Lactate edited spectra 

MSGS1
-001 

  

MSGS1
-002 

  

MSGS1
-003 

  

Table 4: Unedited and lactate-edited MRS spectra for the patient study participant group.  Note, blue is pre-

exercise, red is post-exercise 

Unedited spectra 
In all 3 patients, the 3.03ppm creatine peak was essentially unchanged by the exercise 
intervention.  The 2.13ppm acetylcarnitine and 3.93ppm creatinine peaks were only visible in 
MSGS1-003, and were unchanged by the exercise intervention.  The 1.5ppm EMCL peak was 
elevated after exercise in MSGS1-001 and MSGS1-003, and lowered after exercise in MSGS1-
002.  The 0.93ppm and 1.3ppm IMCL peaks were unchanged in MSGS1-003, and elevated 
before exercise in MSGS1-002.  Additionally, the 1.3ppm IMCL peak was slightly elevated 
before exercise in MSGS1-001.  The 1.32ppm and 4.1ppm lactate peaks are not discernible in 
the unedited spectra. 
 
Lactate CH3 peak (1.32ppm) in edited spectrum 
In the above patients, lactate was only elevated post-exercise in MSGS1-001.  In contrast, 
lactate decreased after exercise in MSGS1-002 and MSGS1-003. 
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ii. Controls (MSGS2) 

 Unedited PRESS spectra Lactate edited spectra 

MSGS2
-001 

  

MSGS2
-002 

  

MSGS2
-003 

  

Table 5: Unedited and lactate-edited MRS spectra for the control study participant group.  Note, blue is pre-

exercise, red is post-exercise. 

Unedited spectra 
With the exception of MSGS2-001, acetylcarnitine (2.13ppm) appears to be elevated post-
exercise in all of the controls.  The 3.03ppm creatine peak appears to be reduced post-exercise 
in MSGS2-003; however, the peak is unchanged in MSGS2-001 and MSGS2-002.  The 
1.5ppm EMCL peak appears to be unchanged in MSGS2-001, elevated post-exercise in 
MSGS2-002, and reduced post-exercise in MSGS2-003.  The 1.3ppm IMCL peak appears 
unchanged in MSGS2-001, and reduced post-exercise in MSGS2-003.  In MSGS2-002, the 
1.3ppm IMCL peak appears reduced post-exercise.  The 1.32ppm and 4.1ppm lactate peaks 
are not discernible in the unedited spectra, except possibly in MSGS2-003, in which case the 
4.1 ppm lactate peak appears to be elevated post-exercise. 
 
Lactate CH3 peak (1.32ppm) in edited spectrum 
In MSGS2-001 and MSGS2-002, the lactate peak appears to be reduced post-exercise.  In 
MSGS2-003, the lactate peak is not readily discernible. 
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iii. Repeat of MSGS2-002 with modified protocol 
The following data were obtained for MSGS2-002 using a modified version of our current 
protocol.  Both protocols extracted data from the single voxel every 4 seconds (for a total of 96 
samples); however, the original protocol averaged each spectrum as they were obtained.  
Because the magnetic field may shift between sample extractions, it is possible that the lactate 
peak can shift between each sample, thereby introducing error to the averaged MRS peaks.  
To account for this, in the revised protocol, each spectrum was aligned prior to averaging. 
 

 Unedited PRESS spectrum Lactate edited spectrum 

MSGS2-
002 

  

 
Unedited spectra 
The creatine peak (3.03ppm) appears unchanged by the exercise.  The acetylcarnitine peak 
(2.13ppm) was not discernible from baseline.  Both the EMCL peak (1.5ppm) and the IMCL 
peaks (0.93ppm and 1.3ppm) appear slightly reduced post-exercise.  The 1.32ppm and 4.1ppm 
lactate peaks are not discernible in the unedited spectra. 
 
Lactate CH3 peak (1.32ppm) in edited spectrum 
The lactate peak at 1.32ppm now appears elevated post-exercise. 
 
 

D. Conclusions 

 
This study represents a significant starting point in understanding the in vivo effects of exercise 
on lactate levels in mitochondrial myopathy patients.  Despite the small sample size, the data 
results may be very useful in understanding the metabolic effects of exercise on mitochondrial 
myopathy patients, especially given the rarity of mitochondrial myopathies. 
 
 Our hypothesis was that lactate levels and L:P ratios in skeletal muscle of patients with 
primary mitochondrial disorders would be increased after exercise, when measured in vivo 
using 1H-MRS.  Additionally, we hypothesized that measuring the L:P ratio in skeletal muscle in 
vivo using 1H-MRS could be a rapid, cost-effective, and sensitive screening tool in evaluating 
mitochondrial myopathies. 
 
 The lactate results from the first batch seem to be counter-intuitive.  In some of the 
subject runs, lactate levels were lower post-exercise.  However, it is possible that magnetic 
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field shifting may cause the lactate peak to shift.  This could cause an error in our original 
algorithm, as we averaged the spectra as we collected them, without first performing an 
alignment step.  We hypothesize that this may have accounted for the observation of 
decreased lactate after exercise in some of the samples.  A follow-up with one of the control 
subjects using a modified version of our original sequence (i.e. aligning the samples before 
averaging) suggests that this is the case.  Further research is ongoing to confirm or refute this 
observation. 
 
 Although it seems as if the custom apparatus should adequately stabilize the legs during 
MRI scanning and exercise, it is always possible that small movements may occur which could 
alter the position of the voxel.  Although during the pilot studies we confirmed that voxel 
movement was minimal (using post-exercise T2 re-localization), further engineering, research, 
and MRI protocol adjustments may be able to further reduce the effect of any voxel movement. 
 
 Measuring patient muscle fatigue was done verbally on a scale from 1 to 10 (1 being not 
fatigued, 10 being very fatigued).  Other methods of measuring fatigue may be able to further 
standardize the level of fatigue between patients.  In addition, variations on the exercise, such 
as using more weight may be able to help quicken the muscle fatigue of the subjects. 
 
 Our initial objective was to also measure pyruvate; however, due to the difficulties we 
encountered obtaining lactate levels, pyruvate levels were not measured at this point in time.  
Future research will be conducted at a later date to address the measurement of pyruvate levels 
and the ratio between lactate and pyruvate. 
 
Future Directions 
While there have been many studies evaluating skeletal muscle 31P-MRS in mitochondrial 
myopathies, this study is the first to evaluate skeletal muscle 1H-MRS in patients with 
mitochondrial disease.  Although the initial results are promising, further ongoing research is 
required to address the following limitations: small sample size and proper lactate peak 
extraction.  Additionally, this study has focused on evaluating mitochondrial myopathy in adults; 
however, it will likely be important in future studies to include other age groups, such as 
adolescents.  The lessons learned from this project provide a foundation for further research on 
mitochondrial myopathies.  While the initial set of results did not demonstrate the correlation 
between lactate levels, we believe this to be due to an error in our initial protocol.  A modified 
version of our original protocol was used in a subsequent run of MSGS2-002, which 
demonstrated increased lactate after the exercise.  Research is ongoing to confirm this 
observation with other subjects.  Additionally, future research is planned to measure pyruvate 
levels using MRS, and compare them with the lactate levels obtained. 
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