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A B S T R A C T   

Introduction/background: Mitochondrial myopathy (MM) encompasses a clinical heterogenous group of patients 
that can be difficult to diagnose. The aim of this study was to investigate if changes in plasma lactate concen-
tration during a 6-minute submaximal handgrip test (6MHGT) and a 20-minute post-exercise recovery period can 
be used as a diagnostic test for MM. 
Methods: Twenty-nine patients with MM and nineteen healthy controls (HC) performed an intermittent handgrip 
exercise test at ½ Hz for 6 min at 50% of maximal voluntary contraction force. We calculated the area under the 
curve (AUC) of change in plasma lactate during exercise and recovery and compared AUC between groups (MM 
vs. HC, and between MM subgroups based on disease severity). 
Results: The change in plasma lactate during exercise and recovery was similar in MM and HC (p = 0.65 and p =
0.57) and similar between MM subgroups (p ≥ 0.24). 
Conclusion: Plasma lactate measured during and after a submaximal 6MHGT cannot be used as a diagnostic 
variable for MM.   

1. Introduction 

Mitochondrial myopathy (MM) encompasses a clinical heterogenous 
group. Common clinical manifestations of MM are exercise intolerance 
and various levels of myopathy with muscle weakness and fatigue; 
however, patients can have symptoms from multiple organs. The diag-
nostic path for patients is often long, and many patients go undiagnosed 
for several years. The diagnostic workup today includes genetic testing 
with next generation sequencing methods (Milone and Wong, 2013). 
However, de novo mutations and single large-scale deletions of mito-
chondrial DNA (mtDNA) are often difficult to find with this methodol-
ogy, and in some cases the genetic aberration is only present in muscle 
tissue, which requires a muscle biopsy for diagnosis. The difficult 
diagnostic process calls for easily performed diagnostic screening tests. 

There have been multiple attempts at developing diagnostic exercise 
tests for MM. Various protocols of cycle ergometry measuring plasma 
lactate have been investigated, using either an incremental protocol to 

exhaustion (Dysgaard Jeppesen et al., 2003; Dandurand et al., 1995; 
Taivassalo et al., 2003), a fixed absolute workload (Finsterer and Mil-
vay, 2002, 2001; Finsterer et al., 1998, 2000; Hanisch et al., 2006), or a 
fixed relative workload (Dysgaard Jeppesen et al., 2003; Nashef and 
Lane, 1989; Hammarén et al., 2004). The sensitivity and specificity of 
these tests have varied 21–100% and 60–96%, respectively. However, 
collectively for these studies is that tests with a high sensitivity have low 
specificity or vice versa (Dysgaard Jeppesen et al., 2003; Hammarén 
et al., 2004), or control groups were inappropriate to reach any 
conclusion (Finsterer and Milvay, 2002, 2001; Finsterer et al., 1998, 
2000), or the cut-off value for test positivity varied greatly (Nashef and 
Lane, 1989; Hammarén et al., 2004). Others have proposed protocols of 
one-extremity exercise such as a handgrip test (HGT). These tests have 
focused on measuring the impaired extraction of available oxygen by 
working muscle in MM, either by measuring oxygen desaturation 
(Hanisch et al., 2006; Jensen et al., 2002) or by measuring deoxy-
hemoglobin using near-infrared spectroscopy (Celie et al., 2015). The 

Abbreviations: MM, mitochondrial myopathy; 6MHGT, 6-minute handgrip test; HC, healthy controls; AUC, area under the curve; mtDNA, mitochondrial DNA; 
HGT, handgrip test; MVC, maximal voluntary contraction force; 12MWT, 12-minute walk test; SVC, submaximal voluntary contraction force. 
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sensitivity and specificity of these tests have varied 21–92% and 
91–100%, respectively, but the sensitivity seems to depend on the mu-
tation load in the studied patients (Hanisch et al., 2006; Jensen et al., 
2002). 

The controversy regarding the value of these exercise tests as a 
diagnostic screening tool in MM encouraged us to investigate a new 
exercise protocol. Our group has previously investigated a 3-minute 
submaximal HGT at 40% of maximal voluntary contraction force (Jen-
sen et al., 2002). The test was sensitive (92%) and specific (100%) when 
measuring oxygen desaturation, but plasma lactate showed no differ-
ence between MM and healthy controls (HC), perhaps because of the 
short exercise duration. When using oxygen desaturation as a diagnostic 
variable, it is a prerequisite that the forearm is warm so that arm veins 
are not constricted; otherwise the baseline oxygen saturation is too low 
to detect a desaturation with exercise. We therefore wished to investi-
gate, if plasma lactate can be used as a diagnostic marker during a 
prolonged HGT. Our group has shown a prolonged lactate-recovery in 
patients with MM compared to HC in a cycle exercise test to exhaustion, 
though there was a considerable overlap in the two groups (Dysgaard 
Jeppesen et al., 2003). At peak exercise, mitochondrial function is 
compromised to the same extent in patients with MM and HC, making a 
diagnostic test based on lactate levels during peak-exercise impossible. 
Therefore, we wished to investigate the lactate response to exercise and 
recovery following a 6-minute submaximal HGT. Previous studies have 
demonstrated that resting lactate level and peak oxidative capacity 
correlate with the mtDNA mutation load irrespective of mutation type 
(Taivassalo et al., 2003; Jeppesen et al., 2003, 2006). Consequently, we 
wished to perform subgroup analyses based on the MM severity, using a 
cut-off value for resting plasma lactate and for performance in a 12-min-
ute walk test. 

2. Methods 

2.1. Subjects 

Sixty patients with genetically verified MM, aged 18–75 years, with 
the ability to complete a walk test and no confounding diseases were 
invited to participate in this observational study. Thirty-one patients 
agreed to participate, but 2 patients were excluded – one due to un-
controlled diabetes with a fasting plasma glucose level above 9 mmol/L 
and one due to inability to place a peripheral venous catheter. Nineteen 
healthy, gender- and age-matched controls were recruited through an 
online website (forsøgsperson.dk). The study was approved by the Sci-
entific Ethical Committee of Copenhagen (H-17032512). All subjects 
were informed about potential risks and benefits of the study and pro-
vided written consent prior to participation. The study was listed on 
clinical trials.gov (NCT03513835) prior to inclusion. 

2.2. Experimental protocol 

On the day of testing, subjects reported fasted from the evening 
before to the laboratory and had a peripheral venous catheter inserted in 
a cubital vein of their dominant arm. Subjects were instructed not to 
exercise 24 h prior to participation and not to drink alcohol or caffeine 
12 h prior to participation. 

First, we evaluated the subjects’ maximal voluntary contraction 
force (MVC) using a handheld dynamometer (Stoelting Co., Illinois, 
USA). Next, subjects performed a 12-minute walk test (12MWT) and 
were given a standardized meal (breakfast bun with cheese, jam and 
butter, and an apple). After approximately a one-hour rest (mean resting 
time 62 min (MM) and 71 min (HC)), subjects performed a 6-minute 
handgrip test (6MHGT) with intermittent contractions for 1 s and 
relaxation for 1 s at an intensity of 50% of their MVC. Intensity was 
recorded every 30 s. Blood samples were drawn before the test (t = 0), 
after 2, 4 and 6 min of exercise, and after 2, 10 and 20 min of recovery. 

2.3. Blood sampling and analyses 

One mL blood was collected in a syringe containing heparin and was 
immediately analyzed for plasma lactate and plasma glucose in an 
ABL90 FLEX blood gas analyzer (Radiometer, Denmark). 

2.4. Statistical analyses 

The plasma lactate level at rest was compared between patients with 
MM and HC with a Welch two sample t-test. The sensitivity of plasma 
lactate at rest was calculated as [true positives/(true positives + false 
negatives)] × 100. The specificity was calculated as [true negatives/ 
(true negatives + false positives)] × 100. The cut-off value for plasma 
lactate at rest was set at 2 mmol/L based on previous findings in 155 
patients with MM (Finsterer and Milvay, 2002). 

We investigated plasma lactate concentration during exercise by 
calculating the area under the curve (AUC) for the change in plasma 
lactate for each individual from rest (t = 0) to the end of exercise (t = 6) 
with the resting plasma lactate as baseline. Likewise, we investigated 
plasma lactate concentration during post-exercise recovery by calcu-
lating the AUC for the change in plasma lactate for each individual from 
the end of exercise (t = 6) to the end of recovery (t = 26) with the plasma 
lactate at the end of exercise as baseline. We compared the AUC between 
groups (MM vs. HC and between subgroups) with a Welch two sample t- 
test. The MM cohort was sub-grouped by the lactate cut-off value (2 
mmol/L) and by a performance cut-off value on the 12MWT (1000 m). 
The 12MWT cut-off value was based on the shortest distance walked by a 
HC. 

We compared plasma glucose between patients with MM and HC at 
each time point with a Welch two sample t-test. 

P-values < 0.05 were considered significant. Results are presented as 
means ± standard deviation (SD). 

3. Results 

3.1. Participants 

We studied 29 patients with MM with well-characterized genetic 
defects (Table 1) as well as 19 healthy matched controls. Sex, age, 
weight, and height were similar in patients with MM and HC, but MVC 
and submaximal voluntary contraction force (SVC) were significantly 
lower in patients with MM vs HC (Table 2). Patients #17 and #18 were 
siblings, and patients #24, #25 and #26 were siblings as well. Patients 
#32 and #33 were mother and daughter. Of the included patients, 26 
had exercise intolerance and 24 had muscle fatigue. Two patients had 
diabetes mellitus but were well-regulated on insulin. One patient took 
anti-epileptic medication. Both patients with MM and HC contracted 
with 50% of their MVC throughout the handgrip exercise (Fig. 1). In the 
12MWT, patients with MM walked on average 1023 ± 239 m (range 
306–1385 m), whereas HC walked on average 1341 ± 134 m (range 
1098–1585 m). 

3.2. Plasma lactate at rest 

Plasma lactate at rest was higher in patients with MM vs HC (p =
0.014, mean 2.2 ± 1.8 mmol/L (MM) and 1.3 ± 0.4 mmol/L (HC), 
Fig. 2). Twelve of 29 patients with MM and 1/19 HC had elevated 
plasma lactate at rest above an upper reference value of 2 mmol/L. One 
patient had an outlier plasma lactate level at rest of 10.6 mmol/L. The 
difference between groups was still significant (p = 0.002) without this 
outlier. The calculated sensitivity and specificity of plasma lactate at rest 
for MM were 41% and 95%, respectively. 

3.3. Plasma lactate concentration during exercise 

The AUC of the change in plasma lactate from rest to end of exercise 
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was similar between patients with MM and HC (p = 0.65, Fig. 3). Sub-
group analyses of the MM cohort showed similar lactate responses be-
tween MM patients with resting plasma lactate levels above or below 2 
mmol/L (p = 0.83), and between MM patients who walked more or less 
than 1000 m in a 12MWT (p = 0.94). 

3.4. Plasma lactate concentration during post-exercise recovery 

The AUC of the change in plasma lactate from end of exercise to end 
of recovery was similar between patients with MM and HC (p = 0.57, 
Fig. 3), between MM patients with resting plasma lactate levels above or 
below 2 mmol/L (p = 0.49), and between MM patients who walked more 
or less than 1000 m in a 12MWT (p = 0.24). 

3.5. Plasma glucose 

Plasma glucose was higher in patients with MM vs HC at baseline (p 
= 0.03, mean 6.4 ± 1.1 mmol/L (MM) and 5.7 ± 1.0 mmol/L (HC)) and 
in the recovery period (p = 0.01 (t = 8), p = 0.002 (t = 16), p = 0.002 (t 
= 26)). However, the small difference that varied 1.3 mmol/L at the 
most between groups is considered too small to influence the plasma 
lactate test results, as both groups had plasma glucose within the normal 
range. 

4. Discussion 

We tested the hypothesis that plasma lactate can be used as a diag-
nostic marker for MM in a 6-minute submaximal exercise handgrip test 
and during the 20-minute post-exercise recovery period. We found that 
plasma lactate cannot be used as a diagnostic marker in such a test, since 
the change in plasma lactate concentrations during both exercise and 
recovery did not differ between patients with MM and HC, nor did it 
differ between MM subgroups according to walking capacity and base-
line lactate concentration. Not surprisingly, resting plasma lactate was 
higher in patients with MM vs HC (Dysgaard Jeppesen et al., 2003; 
Hanisch et al., 2006; Jensen et al., 2002), but resting lactate level was 
not a sensitive test (41%) for MM. 

One could speculate if a prolonged exercise duration of more than 6 
min would stress the mitochondrial metabolism more and make it 
possible to measure an inter- and subgroup difference. However, this 
does not seem to be the case, since the rise in plasma lactate levels off 
after 2 min of exercise in patients with MM (Fig. 1A). One could likewise 
speculate if a higher workload intensity than 50% of MVC would pro-
voke sufficiently elevated plasma lactate to measure inter- and subgroup 
differences. However, in the present study, mean plasma lactate rose to a 
maximum of 3.8 mmol/L in the MM cohort, which is in line with pre-
vious submaximal cycle ergometry protocols, where plasma lactate rose 
to maximum 4.3 mmol/L in MM (Dysgaard Jeppesen et al., 2003; 
Finsterer and Milvay, 2002; Hanisch et al., 2006). Furthermore, studies 

Table 1 
Patient characteristics. Nb. = number, y = years, CPEO = chronic progressive external ophthalmoplegia, NARP = neuropathy, ataxia, and retinitis pigmentosa, MERRF 
= myoclonic epilepsy with ragged-red fibers, MELAS = mitochondrial encephalopathy, lactic acidosis and stroke-like episodes, EI = exercise intolerance, F = muscle 
fatigue, P = ptosis, O = ophthalmoplegia, HI = hearing impairment, SI = swallowing impairment, HT = hypertension, DM = diabetes mellitus, WPW = Wolff-Par-
kinson-White syndrome, TTH = tension-type headache, MS = multiple sclerosis, NA = not available, NR = not relevant. *Related to another patient in the cohort.  

Patient nb. Sex/Age (y) Phenotype Clinical findings Genotype Mutation load, muscle 

1 F/64 CPEO P, O, EI, F, HI, SI, MS m.12113_14422del2310bp 50% 
2 M/40 CPEO P, O, EI, migraine m.6391_13186del6796bp 15–20% 
3 F/70 CPEO P, O, EI, F, migraine, HI, SI, HT m.9110_14605del 26–42% 
4 M/58 NARP EI, cataract, retinitis pigmentosa, F, seizures, HI m.8989G > C 92% 
5 F/56 MERRF EI, F, HT, arthritis, hypothyroidism m.8344A > G 85% 
6 F/27 MERRF EI, F, WPW, migraine, encephalopathy m.8344A > G 78% 
7 M/54 CPEO P, O, EI, F m.7177_13767del 51% 
8 F/53 POLG ptosis, EI, fatigue, migraine, SI c.2766G > C NR 
9 M/61 MERFF F, EI, HT m.8344A > G 63% 
10 M/45 EI F, EI m.5133_5134delAA 90–92% 
11 F/53 POLG F, EI c.158_166dup and c.1174C > G NR 
12 F/56 CPEO/Kearns-Sayres syndrom P, F, EI, migraine, HI, SI m.6098_12201del6104bp 10% 
13 F/59 POLG F, EI, migraine, neuropathy c.251 T > I and c.467A > T NR 
14 M/49 CPEO F, EI, P, O m.13585_15596del 70–75% 
15 M/40 CPEO F, EI, ptosis, O, SI m.9481_13734del 50% 
16 F/52 CPEO F, EI, P, hypothyroidism ≈4000 bp mt deletion NA 
17* F/46 MELAS F, EI, migraine, HI, DM, HT m.3243A > G 33% 
18* F/41 MELAS F, EI, DM, astma, TTH m.3243A > G 34% 
19 M/59 CPEO F, EI, P, O m.561_3895del NA 
20 M/47 CPEO F, EI, P, O, coronary artery disease, asthma m.4087A > G 100% 
21 F/26 CPEO P, O, F, EI, anxiety m.9412_14410del4999bp NA 
22 F/24 MELAS HI m.3243A > G NA 
23 M/55 CPEO/Kearns-Sayres syndrom EI, P, O m.5909_13990del8082bp NA 
24* M/30 MELAS F, EI, migraine, HI m.3243A > G NA 
25* M/27 MELAS F, EI, HT, migraine, HI m.3243A > G NA 
26* M/24 MELAS F, astma, TTH m.3243A > G NA 
27 M/39 Leigh syndrom F, EI, TTH, encephalopathy, glaucoma c.626C > T and c.626C > T NR 
28* F/55 MELAS HI m.3243A > G 33% 
29* F/30 MELAS F, EI, migraine, HI m.3243A > G NA  

Table 2 
Participant demographics and contraction force. Values are presented as means ± standard deviation. MVC = maximal voluntary contraction force. SVC = submaximal 
voluntary contraction force – the average contraction force during the test corresponding to roughly 50% of MVC.   

Men/Women Age (y) Weight (kg)/ Height (cm) MVC (kg) SVC (kg) 

MM 14/15 46 ± 13 72 ± 17 / 170 ± 9 27 ± 12 13 ± 6 
HC 11/8 47 ± 14 76 ± 13 / 175 ± 11 36 ± 13 18 ± 6 
p-value 0.52 0.88 0.32/0.09 0.02 0.02  
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by Jeppesen et al. and Hanisch et al. found, that exercise tests at 
workload intensities below the anaerobic threshold are more sensitive in 
MM than exercise tests at workload intensities above the anaerobic 
threshold (Dysgaard Jeppesen et al., 2003; Hanisch et al., 2006). This 
finding is supported by Dandurand et al. and Hogrel et al., who exercised 
patients with MM above their anaerobic threshold, both resulting in low 
test sensitivities (Dandurand et al., 1995; Hogrel et al., 2001). One could 
speculate if this study commits a type II error, since the sample size is 
modest, and no power calculation was performed. However, the change 
in plasma lactate concentration during exercise and recovery was 
convincingly similar in patients with MM and HC. As such, the present 
study indicates that any detectable difference in plasma lactate during 
and after a 6MHGT that might exist between patients with MM and HC 
in a bigger sample size is too small to be clinically important. 

Multiple attempts at developing diagnostic screening exercise tests 
for MM have been made. Finsterer et al. proposed using a fixed absolute 
workload protocol for exercise testing patients with MM (Finsterer and 
Milvay, 2002, 2001; Finsterer et al., 1998, 2000). In the protocol, sub-
jects pedaled for 15 min at a 30 W-workload. These studies have yielded 
sensitivities and specificities of 69–88% and 90–94%, respectively, 
when comparing patients with MM to HC or to disease controls with 
other neurological disorders than MM. However, diseases such as 
ischemic heart disease, anemia, lung diseases and claudication could 
lower the test specificity significantly, since these diseases often have 
elevated plasma lactate at low workloads. Another problem is that some 
patients may not be able to pedal at 30 W (Tarnopolsky, 2004). 
Consequently, we find it more appropriate to use a relative workload test 
for MM that compares plasma lactate at a workload intensity adjusted 
for the subjects’ maximal exercise capacity. Furthermore, it is likely that 
the effect of diseases such as ischemic heart disease, anemia, lung dis-
eases and claudication on the test results is reduced when using a one- 
extremity exercise test such as a handgrip test, since a handgrip test 
stress the body less than cycle ergometry. 

The sub-anaerobic threshold exercise test (SATET) is a relative 
workload cycle test measuring plasma lactate, which has been proposed 
as a sensitive screening test for MM (Nashef and Lane, 1989; Hammarén 
et al., 2004). In the test, patients exercised at 90% of their predicted 
anaerobic threshold for 15 min. Despite yielding high sensitivities 
(78–100%) for MM, their cut-off value for test positivity varied from 2.9 
to 5 mmol/L, which makes it difficult to implement the test in a clinical 
setting. Furthermore, these studies only included 6–9 patients, so further 
studies are needed in order to validate the test sensitivity in the broad 
phenotypic and genotypic spectrum of MM. 

The best screening exercise tests for MM that exist today are hand-
grip tests measuring the impaired extraction of available oxygen by 
working muscle in patients with MM by measuring oxygen desaturation 
(Hanisch et al., 2006; Jensen et al., 2002) or by measuring deoxy-
hemoglobin and -myoglobin using near-infrared spectroscopy (NIRS) 
(Celie et al., 2015). Two out of 3 of these studies have presented with 
high sensitivities (91% and 92%) and specificities (91% and 100%) 

Fig. 1. A: Plasma lactate concentration at rest (t = 0), during the test (t = 2–6 min) and during recovery (t = 8–26 min) in patients with mitochondrial myopathy 
(MM) and healthy controls (HC). The curves represent the mean. The vertical lines represent ± standard deviation. The dots represent individuals. B: Mean of 
handgrip force ± standard deviation every 30 s during the test period in patients with MM and HC. The dots represent the mean and the vertical lines represent ±
standard deviation. 

Fig. 2. Plasma lactate at rest in 29 patients with mitochondrial myopathy (MM) 
and 19 healthy controls (HC). The box represents the 25th percentile, median, 
and 75th percentile. Dots represent individuals. The vertical lines represent the 
maximum and minimum values. Dots beyond these lines are outliers. The 
dashed line represents the cutoff-value of 2 mmol/L for the subgroup analysis. 
*Significant difference, p = 0.014. 

N. Løkken et al.                                                                                                                                                                                                                                 



Mitochondrion 60 (2021) 21–26

25

(Jensen et al., 2002; Celie et al., 2015). However, it seems that sensi-
tivity depends on the muscle mutation load in the studied MM cohorts. 
Hanisch et al. reported sensitivities of 21–58% when measuring oxygen 
desaturation, despite subjects being well oxygenated at rest (Hanisch 
et al., 2006). In the study by Hanisch et al., mutation load varied 6–78% 
(Hanisch et al., 2006), whereas mutation load varied 29–91% in the 
study by Jensen et al. (2002). Thus, the controversy regarding exercise 
tests as diagnostic screening tools in the clinical heterogenous group of 
patients with MM persists. 

Based on previous evidence and the results from the present study, 
plasma lactate cannot be considered a reliable diagnostic biomarker in 
exercise screening tests. Such lactate measures in exercise tests have 
proven not to be diagnostically better than assessing a resting plasma 
lactate concentration. Nonetheless, resting plasma lactate can be helpful 
in the clinic, as a high plasma lactate at rest is indicative of MM, but a 

normal concentration does not rule out MM. Furthermore, plasma 
lactate can serve as a useful biomarker for treatment effect, as lowering 
of lactate levels at constant submaximal exercise indicates improvement 
of mitochondrial oxidative capacity (Madsen et al., 2020). 

5. Conclusion 

Changes in plasma lactate are not diagnostically helpful biomarkers 
for mitochondrial myopathy in a 6-minute submaximal exercise hand-
grip test at 50% of maximal voluntary contraction force and during a 20- 
minute post-exercise recovery period. 

6. Data 

Data is available upon request. 

Fig. 3. The change in plasma lactate concentration calculated as the area under the curve (AUC) during exercise (A) and post-exercise recovery (B) in patients with 
mitochondrial myopathy (MM) and healthy controls (HC). Patients with MM are divided into subgroups depending on plasma lactate level at rest above or below 2 
mmol/L (mM) or walked distance more or less than 1000 m in a 12-minute walk test (12MWT). The dots represent each patient with MM and the triangles represent 
each HC. The horizontal lines represent the mean. The vertical lines represent ± standard deviation. 
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Informed consent 

All procedures followed were in accordance with the ethical stan-
dards of the responsible committee on human experimentation (insti-
tutional and national) and with the Helsinki Declaration of 1975, as 
revised in 2000. Informed consent was obtained from all patients before 
being included in the study. The study was approved by the ethics 
committee of Copenhagen (H-17032512) and listed on clinical trials.gov 
(NCT03513835) prior to inclusion. 
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