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the ratio of maximal handgrip 
force and maximal cycloergometry 
power as a diagnostic tool to screen 
for metabolic myopathies
Jean-Baptiste noury1, fabien Zagnoli1, françois petit  2, cédric Le Maréchal3, 
pascale Marcorelles4 & fabrice Rannou  5 ✉

Metabolic myopathies comprise a diverse group of inborn errors of intermediary metabolism affecting 
skeletal muscle, and often present clinically as an inability to perform normal exercise. our aim was to 
use the maximal mechanical performances achieved during two functional tests, isometric handgrip 
test and cycloergometer, to identify metabolic myopathies among patients consulting for exercise-
induced myalgia. eighty-three patients with exercise-induced myalgia and intolerance were evaluated, 
with twenty-three of them having a metabolic myopathy (McArdle, n = 9; complete myoadenylate 
deaminase deficiency, n = 10; respiratory chain deficiency, n = 4) and sixty patients with non-metabolic 
myalgia. In all patients, maximal power (MP) was determined during a progressive exercise test on 
a cycloergometer and maximal voluntary contraction force (MVC) was assessed using a handgrip 
dynamometer. the ratio between percent-predicted values for MVc and Mp was calculated for each 
subject (MVC%pred:MP%pred ratio). In patients with metabolic myopathy, the MVC%pred:MP%pred 
ratio was significantly higher compared to non-metabolic myalgia (1.54 ± 0.62 vs. 0.92 ± 0.25; 
p < 0.0001). ROC analysis of MVC%pred:MP%pred ratio showed AUC of 0.843 (0.758–0.927, 95% CI) 
for differentiating metabolic myopathies against non-metabolic myalgia. The optimum cutoff was 
taken as 1.30 (se = 69.6%, sp = 96.7%), with a corresponding diagnostic odd ratio of 66.3 (12.5–350.7, 
95% CI). For a pretest probability of 15% in our tertiary reference center, the posttest probability 
for metabolic myopathy is 78.6% when MVC%pred:MP%pred ratio is above 1.3. In conclusion, the 
MVc%pred:Mp%pred ratio is appropriate as a screening test to distinguish metabolic myopathies from 
non-metabolic myalgia.

Metabolic myopathies constitute a group of heterogeneous disorders that interfere with generation of ATP in 
skeletal muscle. Since ATP production is several-fold increased during muscle contraction1, exercise tests are 
often part of the patient evaluation if a metabolic myopathy is suspected2–5. The two main functional tests are the 
isometric handgrip test and the cardio-pulmonary exercise test. Isometric handgrip test consists of, first, deter-
mining the maximal voluntary contraction force (MVC) of muscles from one forearm, and, secondly, performing 
a 30-s contraction at 70% MVC2,3,5. Cardio-pulmonary exercise test involves dynamic contraction of lower limbs 
on a cycloergometer, and employed a progressively increasing workload until maximal power (MP) is achieved4. 
These two functional tests aim to unmask a metabolic defect by measuring muscle metabolite production from 
blood samples following a standardized ‘laboratory’ exercise2–5. Lack of exercise-induced increase for a given 
metabolite may be indicative of a defect in a particular muscle metabolic pathway. Additionally, such functional 
tests also provide an objective measurement of exercise intolerance by comparing patient handgrip maximal 
MVC and cycle ergometry MP to normative values from healthy population matched for sex, age, and anthropo-
metric data (percent-predicted values; %Pred. MVC and %Pred. MP, respectively).
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Due to differences in exercise type (isometric vs. dynamic) and duration, the relative contribution of the differ-
ent metabolic pathways to total ATP turnover are distinct during isometric handgrip test and cardio-pulmonary 
exercise test. Isometric handgrip test exercise duration is 3–5 s and is more reliant on alactic anaerobic metab-
olism, while aerobic metabolism is the largest contributor during a cardio-pulmonary exercise test lasting 
~10 minutes1,6.

Furthermore, isometric handgrip test and cardio-pulmonary exercise test performances may also be affected 
differentially in metabolic myopathies owing to distinct exercising muscles (upper vs. lower limbs, respectively), 
with differences in fiber type and energy metabolism predominance1,7. It has long been recognized that lower 
limbs contain a higher percentage of slow oxidative muscle fiber than upper limbs8. In case of aerobic metabolism 
impairment, one might therefore expect a lower performance in cardio-pulmonary exercise test than in isometric 
handgrip test.

Accordingly, the present study aimed to evaluate the diagnostic value of percent-predicted performance 
reached in two exercise tests to detect metabolic myopathies among patients consulting for exercise-induced 
myalgia.

Results
Eighty-three patients and thirty-five healthy controls were investigated. The patients were classified into the 
following five diagnostic subgroups (Table 1): McArdle disease (Glycogen storage disease type V, n = 9), res-
piratory chain deficiency (n = 4), complete deficiency in myoadenylate deaminase (MAD Absent, n = 10), and 
non-metabolic myalgia (n = 60). Control subjects and patient subgroups were well matched for sex and age 
(Table 1). Percent-predicted values for isometric handgrip maximal voluntary contraction force (%Pred. MVC) 
and maximal power during cycle ergometry (%Pred. MP) were calculated according to normative formulas given 
in the Materials & Methods section. %Pred. MVC was significantly lower in McArdle and non-metabolic myal-
gia groups (78.5 ± 9.3% and 87.6 ± 18.9%, respectively) compared to control subjects (p = 0.001 and p = 0.029, 
respectively; Games-Howell post-hoc test). During cycloergometer exercise, percentage of predicted maximal 
value for power was significantly lower in McArdle and MAD Absent patients (43.8 ± 14.6% and 71.7 ± 17.1%, 
respectively) compared to Controls and non-metabolic myalgia patients (p < 0.02, Post hoc Scheffe’s test). %Pred. 
MP was significantly decreased in Respiratory chain deficiency compared to healthy controls (67.5 ± 30.7% vs. 
107.3 ± 20.9%, p = 0.016). Percentage of predicted maximal value for oxygen uptake (% Pred. peak V’O2) was 
significantly lower in McArdle patients (66.9 ± 11.1%) than in Controls and non-metabolic myalgia patients 
(p < 0.001, Post hoc Scheffe’s test).

We observed a non-significant decrease in % Pred. peak V’O2 in Respiratory chain deficiency compared to 
control subjects (78.7 ± 26.9% vs. 106.8 ± 21.4%, p = 0.112).

A scatter plot presenting the %pred. MVC in handgrip test vs. %Pred. maximal power in cycloergometry in 
patients is shown in Fig. 1A. The dashed line represents values where %pred. MVC and %Pred. maximal power in 
cycloergometry are equal (‘iso-line’), and delineates two distinct profiles of exercise performance. Subjects above 

Control
Non-metabolic 
Myalgia MAD Absent McArdle

Respiratory Chain 
Deficiency

Anthropometric data

Number (n) 35 60 10 9 4

Sex (f/m) 17/18 20/40 4/6 5/4 1/3

Age (years) 40.1 ± 12.9 42.5 ± 13.6 39.9 ± 15.6 43.3 ± 25.9 40.5 ± 16.4

BMI (kg.m−2) 23.9 ± 4.9 24.3 ± 4.5 27.1 ± 7.0 22.5 ± 3.5 24.0 ± 4.9

Isometric handgrip test

MVC (DaN) 39.7 ± 8.8 38.2 ± 12.1 37.4 ± 10.8 26.7 ± 7.9 * 33.9 ± 14.1

%Pred. MVC 97.1 ± 12.4 87.6 ± 18.9† 87.9 ± 19.9 78.5 ± 9.3† 76.1 ± 30.2

Progressive cycle ergometer test

Maximal power (W) 195.3 ± 64.5 183.4 ± 64.6 134.0 ± 59.7 68.1 ± 19.6†‡§ 128.5 ± 69.5

% Pred. maximal power 107.3 ± 20.9 98.2 ± 21.9 71.7 ± 17.1 *# 43.8 ± 14.6 *# 67.5 ± 30.7 *

Peak V’O2 (ml.min−1.kg−1) 34.3 ± 8.2 32.6 ± 9.2 28.7 ± 12.9 21.2 ± 7.0 *# 27.3 ± 11.4

% Pred. peak V’O2 106.8 ± 21.4 100.8 ± 18.0 89.6 ± 20.3 66.9 ± 11.1 *# 78.7 ± 26.9

Ratio MVC/MP

%Pred. MVC / %Pred. 
maximal power 0.92 ± 0.13 0.92 ± 0.25 1.29 ± 0.43 1.96 ± 0.66 †‡ 1.24 ± 0.42

Table 1. Anthropometric characteristics and exercise test variables in healthy controls and patients with and 
without metabolic myopathies. Data are reported as mean ± SD. MAD, Myoadenylate deaminase; BMI, Body 
Mass Index; MVC, maximal voluntary contraction force; Peak V’O2, maximum oxygen consumption; MP, 
Maximal Power. Data were analyzed by a one-way ANOVA, followed by post-hoc Scheffé’s or Games-Howell 
pairwise comparison tests according to Levene’s test results for homogeneity of variance. *significantly different 
from Control (p < 0.05, Post hoc Scheffe’s multiple comparison test). #significantly different from non-metabolic 
myalgia (p < 0.05, Post hoc Scheffe’s multiple comparison test). †significantly different from control (p < 0.03, 
Games-Howell post hoc test). ‡significantly different from non-metabolic myalgia (p < 0.03, Games-Howell 
post hoc test). §significantly different from respiratory chain deficiency (p < 0.05, Games-Howell post hoc test).
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the line (upper-left zone) exhibit a higher %Pred. value for handgrip MVC compared to %Pred. maximal power 
in cycloergometry. In contrast, patients below the line (lower-right zone) exhibit a higher %Pred. maximal power 
in cycloergometry compared to %Pred. value for handgrip MVC.

A visual inspection of the plots in Fig. 1A suggests distinctive profiles for metabolic myopathies and 
non-metabolic myalgia. Metabolic myopathies are mainly located in the upper-left zone, whereas non-metabolic 
myalgias are mainly located in the lower-right zone.

To further assess the different patterns, we calculated for each subject the ratio between the percent-
age of predicted value reached for handgrip MVC and maximal power in cycloergometry (Table 1). The 
MVC%pred:MP%pred ratio was significantly higher in McArdle (1.96 ± 0.66) compared to control (0.92 ± 0.13) 
and non-metabolic myalgia (0.92 ± 0.25) groups (p = 0.009 and p = 0.009, respectively; Games-Howell 
post-hoc test). When considered as a single group, patients with metabolic myopathies displayed a higher 
MVC%pred:MP%pred ratio (1.54 ± 0.62) than non-metabolic myalgia and Controls (p < 0.001, Games-Howell 
post-hoc test).

A receiver operating characteristic (ROC) curve was generated to evaluate the ability of MVC%pred:MP%pred 
ratio to predict metabolic myopathy in patients consulting for exercise-intolerance and exercise-induced myal-
gia (Fig. 1B). ROC analysis showed that the area under the curve (AUC) was 0.843 (0.758–0.927, 95% CI). A 
MVC%pred:MP%pred ratio of 1.30 was selected as the optimal cutoff because it provided the highest sum of 
sensitivity and specificity minus one (Youden’s index = 0.66, Se = 69.6% and Sp = 96.7%). The positive and neg-
ative likelihood ratios (LR + and LR−) of this cutoff were 20.9 (5.2–83.7, 95% CI) and 0.32 (0.17–0.59, 95% CI), 
respectively. The overall diagnostic accuracy of a 1.30 cutoff for MVC%pred:MP%pred ratio was 66.3 (12.5–350.7, 
95% CI).

The discriminatory ability of MVC%pred:MP%pred ratio to differentiate metabolic myopathies from control 
subjects was also evaluated (Fig. 2). The ROC curve AUC for MVC%pred:MP%pred ratio was 0.855 (0.760–0.951, 

Figure 1. Predicted maximal handgrip force vs. predicted maximal double-leg cycling power in patients 
consulting for exercise intolerance and exercise-induced myalgia. (A) The % predicted handgrip MVC is plotted 
against the % predicted maximal power (MP) during cardio-pulmonary exercise test. The grey dashed line 
represents equal % predicted values for handgrip MVC and MP (iso-line). (B) Receiver operating characteristic 
(ROC) curve to distinguish metabolic myopathies from non-metabolic myalgia using MVC%pred:MP%pred 
ratio as predictor variable. The area under the ROC curve (0.843; 0.758–0.927, 95% CI) indicates the probability 
that a randomly selected pair of metabolic myopathy and non-metabolic myalgia patients will be accurately 
classified as to their disease state. The optimal cut-off for MVC%pred:MP%pred ratio was selected as 1.30 to 
discriminate metabolic myopathies from non-metabolic myalgia.
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95% CI) for distinguishing between control subjects and metabolic myopathies (Fig. 2B). The best cutoff point is 
1.16 for MVC%pred:MP%pred ratio with 78.3% sensitivity, 94.6% specificity, and a diagnostic odds ratio of 59.4 
(10.5–337.6, 95% CI).

Discussion
The present results provide new insights into metabolic myopathies, from both pathophysiological and diag-
nostic perspectives. Comparison of isometric handgrip MVC and maximal power on cycloergometer appears 
to be useful in distinguishing patients with defects of muscle metabolism from those with non-metabolic myal-
gia. Interestingly, metabolic myopathies and non-metabolic myalgia display different patterns in handgrip-test 
and cycloergometer exercise. In metabolic myopathy patients, cycling maximal power is more impaired than 
handgrip MVC. The physiological bases of these two functional tests are different. As a short-term maximal 
exercise, handgrip MVC represents the ability to generate maximum cross-bridges within forearm and depends 
on pre-exercise ATP store1,6. In contrast, aerobic metabolism meets most of the high ATP turnover rate during 
cardio-pulmonary exercise test1,6. Accordingly, it seems obvious that an impairment of intermediary metabolism, 
as occurring during metabolic myopathies9, will impact heavily the maximal -aerobic- power in cycloergometry.

As muscle weakness and exercise-induced myalgia are symptoms frequently encountered in clinical prac-
tice, a detailed questioning and a careful clinical examination of the patient are mandatory before considering a 
primary muscle disease10,11. Therefore, the diagnostic evaluation of patients presenting with exertional myalgia 
is usually labor intensive and requires ancillary specialized tests, such as electromyogram, muscle biopsy, and 
genetic testing10,11. The clinical approach to the patient suspected of metabolic myopathy commonly uses exercise 
testings5,9,12, but few studies have discussed in which sequence isometric handgrip test and cardio-pulmonary 
exercise test should be performed in the diagnostic work-up12. The current study strongly suggests that both 
tests should be performed, and their peak mechanical performances combined in a composite index. The 
MVC%pred:MP%pred ratio may help to identify metabolic myopathies among patients consulting for exercise 
intolerance and direct genetic testing or specific histochemical analysis on muscle biopsies.

For a MVC%pred:MP%pred ratio cut-off value of 1.30, the corresponding positive and negative likelihood 
ratios were 20.9 and 0.32, respectively. The positive likelihood ratio is probability of an individual with the 

Figure 2. Predicted maximal handgrip force vs. predicted maximal double-leg cycling power in metabolic 
myopathies and healthy controls. (A) The % predicted handgrip MVC is plotted against the % predicted 
maximal power (MP) during cardio-pulmonary exercise test. The grey dashed line represents equal % 
predicted values for handgrip MVC and MP (iso-line). (B) Receiver operating characteristic (ROC) curve of 
MVC%pred:MP%pred ratio for differentiating metabolic myopathies from healthy controls. The area under the 
ROC curve is 0.855 (0.760–0.951, 95% CI). The optimal MVC%pred:MP%pred ratio was 1.16 to discriminate 
metabolic myopathies from healthy controls.
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condition having a positive test. Accordingly, LR + and LR− are proportions of patients who are correctly judged 
as positive or negative by a diagnostic test13. According to Mcgee14, a LR + > 10 represents a ‘large’ increase in 
the probability of disease when the test is positive, while a LR− in the range of 0.1–0.2 represents a ‘moderate’ 
decrease of probability when the test is negative. A LR + at 20.9 indicates that a patient with a metabolic myo-
pathy is about 20.9 times more likely to have a positive test than a subject with non-metabolic myalgia. By using 
conversion to an odds ratio, the LR modifies the pretest probability of a given diagnostic test for a suspected 
disorder. According to Bayes’ theorem, the pretest odds of metabolic myopathies multiplied by the likelihood 
ratio gives the posttest odds of metabolic myopathies. In our unit, subjects with metabolic myopathies represent 
15% of referred patients for metabolic exercise testing (pretest probability). Thus, the prestest odds for metabolic 
myopathy (probability × 1 – probability = 0.15/1–0.15) is 0.18. The posttest odds can be calculated by multiply-
ing the pretest odds by LR (0.18 × 20.9 = 3.68). Finally, the posttest probability for metabolic myopathy is 78.6% 
(odds/1 + odds = 3.68/1 + 3.68 = 0.786, or 78.6%). Interestingly, since diagnostic tests are commonly conducted 
in sequence, the posttest odds of exercise tests becomes the pretest odds for genetic testing or muscle biopsy in the 
diagnostic work-up of exercise-induced myalgia.

An advantage of MVC%pred:MP%pred ratio is avoidance of blood drawing to determine muscle metabolite 
concentration. However, we acknowledge that the present index is designed as a screening method to rule in/out 
a metabolic myopathy, and not to provide a diagnosis for a given metabolic myopathy. If a specific diagnosis is 
searched, such as mitochondrial myopathy, more specific functional tests that include blood metabolite (i.e., lac-
tate, ammonia) and venous oxygen measurements should be performed2,15,16. Another potential limitation is that 
maximal isometric handgrip force is highly dependent on central motor drive (‘voluntary activation’). Vigorous 
and standardized verbal encouragement during MVC collection trials is needed to maximize both the number of 
active motor units and measurement reproducibility.

In conclusion, the MVC%pred:MP%pred ratio appears helpful in the detection of metabolic myopathies by 
altering the pretest probability substantially. As a result, the diagnostic work-up will be more cost-effective and 
less time-consuming.

Materials and Methods
All testing procedures were approved by the local research ethics of Brest Universitary Hospital and conformed 
to the principles set by the Declaration of Helsinki (Clinical Trial NCT02362685). Subjects gave written informed 
consent to participate in the present study. Participants were requested to refrain from exercise and alcohol con-
sumption in the 24 hours before the tests. This diagnostic study was performed in compliance with the Standards 
for Reporting of Diagnostic Accuracy (STARD) recommendation. Eighty-three patients consulting for exercise 
intolerance and myalgia in Brest neuromuscular center (University Hospital, Brittany, France) were included.

Subjects. The different subgroups of patients are reported in Table 1. In McArdle group (n = 9), disease 
was diagnosed by myophosphorylase absence in muscle biopsy (n = 6, Supplementary Fig. S1 online)17, and by 
documented mutations in PYGM gene in all patients (c.148 C > T/c.148 C > T, n = 7; c.148 C > T/c.2262delA, 
n = 1; c.148 C > T/c.1466 C > G, n = 1). PYGM gene (20 exons and intron-exon junctions) was sequenced from 
PCR-amplified genomic DNA and compared to reference sequence (NM_005609.2).

Respiratory chain deficiency group (n = 4) consisted of one patient with MELAS syndrome (m.3243 A > G 
MTTL1 gene mutation, muscle tissue heteroplasmy: 55%), two patients with chronic progressive external oph-
thalmoplegia (40 and 30% cox-negative fibers at muscle biopsy, Supplementary Fig. S1 online; 4 and 6 kb mtDNA 
deletions, respectively), and one patient displaying 10% cox-negative fibers at muscle biopsy with decreased com-
plex IV activity (40% of normal, spectrophotometric enzyme assay).

Deficiency in MAD activity was assessed by histochemical analysis of 10 µm muscle sections stained with 
p-nitro blue tetrazolium (Supplementary Fig. S1 online), as previously reported4,5,18,19. In ten patients, histo-
chemical reaction for MAD was absent. In this group (MAD Absent), analysis of the AMPD1 gene revealed 
that nine individuals were homozygous for the c.133 C > T mutation and one was compound heterozygote 
(c.133 C > T/c.567 G > T). The ten patients with absent MAD activity had no evidence of other associated myo-
pathy after their diagnostic work-up (see below).

Non-metabolic myalgia group included sixty patients presenting exercise intolerance with exercise-induced 
myalgia, and no final diagnosis despite an exhaustive evaluation. For all these subjects, the diagnostic work-up 
included clinical examination, routine lab test, acylcarnitine profile, electromyography, no abnormality identified 
in a muscle biopsy analyzed according to standardized national guidelines20, and discussion at multidisciplinary 
team meeting.

Thirty-five healthy individuals, who performed both the grip-test and the cardio-pulmonary exercise testing 
under the same conditions and within the same recruitment period as patients, were included as a Control group.

Grip-test. Maximal handgrip force was measured in dominant arm by a strain gauge torsion dynamometer 
(MIE Medical Research Limited, Leeds, UK) in subjects placed in a semi-seated position2,3. The test procedures 
were standardised using a specific software to monitor protocol timing2,3, and data collection was carried out 
by the same tester. Subjects were familiarized with the dynamometer and instructed to squeeze the instrument 
as hard as possible. Subjects performed three maximal voluntary contraction (MVC; 3–5 sec) interspersed with 
1-min rest periods2,3. The within subject coefficient of variation for the three MVC measurements (quotient of 
the standard deviation and the mean value) was 4.8 ± 2.9%. The maximum value among the three measurements 
was used as maximal voluntary contraction force (MVC)2,3, and expressed as percentage of predicted value3: 
MVCPredicted (DaN) = (2.699 × forearm diametercm) + (5.979 × sexmale=1, female=0) − (0.244 × ageyr) − 22.776.
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Bike. Subjects underwent a progressive, power-incremented cycling test on a magnetically braked cycle ergom-
eter (Ergoline GmbH, Bitz, Germany) to determine the mechanical power eliciting the individual-specific maxi-
mum rate of oxygen uptake. Increasing workloads were applied using a stepwise protocol, which was adjusted for 
each individual in order to achieve maximum exertion within ten minutes. Age- and height-predicted value for 
maximal power was calculated according to Jones equations21: for male, maximal power = 245.48 × heightcm

2.7 
× ageyr

−0.46, and for female, maximal power = 157.95 × heightcm
2.8 × ageyr

−0.43. This theoretical maximal power 
was adjusted according to exercise intolerance (Bader)22 in order to obtain an estimated maximal power (EMP). 
After a 2-min warm-up at the intensity of 20%EMP with a pedalling cadence of 60 rpm, work rate was increased 
by 10%EMP.min−1 until volitional exhaustion (i.e., inability to sustain the required pedalling rate of 60 rpm). 
Ventilation and pulmonary gas exchange were measured breath-by-breath at rest and during exercise using an 
open circuit system (Medical Graphics Corporation, St. Paul, Minnesota). Each subject was monitored during 
cardio-pulmonary exercise test by continuous 12-lead ECG-telemetry and blood pressure4,5. The maximum rate 
of oxygen uptake (V’O2max) was expressed relative to bodyweight (mL/min/kg) and as a percent-predicted value23. 
Maximal power was expressed as a percentage of the predicted normal value given by Jones equations.21

Statistics. Statistical differences between groups were tested using ANOVA with a post hoc test if a significant 
main effect was found. Scheffe and Games-Howell post hoc tests were used in cases of equal and unequal vari-
ances of data (Levene’s test), respectively.

The diagnostic performance of MVC%pred:MP%pred ratio to discriminate metabolic myopathy from 
non-metabolic myalgia and control subjects was assessed by ROC curve analyses4,5,24. The MVC%pred:MP%pred 
value at which the Youden index (sensitivity + specificity – 1) is maximal was considered the optimal cutoff24. 
The positive likelihood ratio [LR + = sensitivity/(1 − specificity)], the negative likelihood ratio [LR− = (1 − 
sensitivity)/specificity], and the diagnostic odds ratio (LR + divided by LR−) corresponding to this cutoff were 
calculated13. Data are reported as mean ± SD. p values under 0.05 were considered significant. Statistical analysis 
was conducted using SPSS Statistics 25 (SPSS, Inc, Chicago, Illinois, USA).

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author upon reasonable request.

Received: 12 September 2019; Accepted: 28 April 2020;
Published: xx xx xxxx

References
 1. Baker, J.S., McCormick, M.C. & Robergs R.A. Interaction among Skeletal Muscle Metabolic Energy Systems during Intense Exercise. 

J. Nutr. Metab. 905612 (2010).
 2. Hogrel, J. Y. et al. A. A non-ischemic forearm exercise test for the screening of patients with exercise intolerance. Neurology. 56, 

1733–1738 (2001).
 3. Hogrel, J.-Y. et al. Diagnostic power of the non-ischaemic forearm exercise test in detecting glycogenosis type V. Eur. J. Neurol. 22, 

933–940 (2015).
 4. Rannou, F. et al. Diagnostic Algorithm for Glycogenoses and Myoadenylate Deaminase Deficiency Based on Exercise Testing 

Parameters: A Prospective Study. PLoS ONE. 10(7), e0132972 (2015).
 5. Noury, J.-B. et al. Exercise testing-based algorithms to diagnose McArdle disease and MAD defects. Acta Neurol. Scand. 138, 

301–307 (2018).
 6. Bertuzzi, R., Nascimento, E. M. F., Urso, R. P., Damasceno, M. & Lima-Silva, A. E. Energy system contributions during incremental 

exercise test. J. Sports Sci. Med. 12, 454–460 (2013).
 7. Schiaffino, S. & Reggiani, C. Fiber types in mammalian skeletal muscles. Physiol. Rev. 91, 1447–1531 (2011).
 8. Johnson, M. A., Polgar, J., Weightman, D. & Appleton, D. Data on the distribution of fibre types in thirty-six human muscles. An 

autopsy study. J. Neurol. Sci. 18, 111–129 (1973).
 9. Tarnopolsky, M. A. What can metabolic myopathies teach us about exercise physiology? Appl. Physiol. Nutr. Metab. 31, 21–30 

(2006).
 10. Kyriakides, T. et al. EFNS review on the role of muscle biopsy in the investigation of myalgia. Eur. J. Neurol. 20, 997–1005 (2013).
 11. Te Riele, M. G. E. et al. The yield of diagnostic work-up of patients presenting with myalgia, exercise intolerance, or fatigue: A 

prospective observational study. Neuromuscul. Disord. 27, 243–250 (2017).
 12. Volpi, L. et al. Metabolic myopathies: functional evaluation by different exercise testing approaches. Musculoskelet. Surg. 95, 59–67 

(2011).
 13. Glas, A. S., Lijmer, J. G., Prins, M. H., Bonsel, G. J. & Bossuyt, P. M. M. The diagnostic odds ratio: a single indicator of test 

performance. J. Clin. Epidemiol. 56, 1129–1135 (2003).
 14. McGee, S. Simplifying likelihood ratios. J. Gen. Intern. Med. 17, 646–649 (2002).
 15. Taivassalo, T., Abbott, A., Wyrick, P. & Haller, R. G. Venous oxygen levels during aerobic forearm exercise: An index of impaired 

oxidative metabolism in mitochondrial myopathy. Ann. Neurol. 51, 38–44 (2002).
 16. Jensen, T. D., Kazemi-Esfarjani, P., Skomorowska, E. & Vissing, J. A forearm exercise screening test for mitochondrial myopathy. 

Neurology 58, 1533–1558 (2002).
 17. Dubowitz, V., Sewry, C.A. & Oldfors, A. Muscle Biopsy–A Practical Approach (4th ed., Saunders, W.B.) London (2013).
 18. Fishbein, W. N., Griffin, J. L. & Armbrustmacher, V. W. Stain for skeletal muscle adenylate deaminase. An effective tetrazolium stain 

for frozen biopsy specimens. Arch. Pathol. Lab. Med. 104, 462–466 (1980).
 19. Rannou, F., Scotet, V., Marcorelles, P., Monnoyer, R. & Le Maréchal, C. Effects of AMPD1 common mutation on the metabolic-

chronotropic relationship: Insights from patients with myoadenylate deaminase deficiency. PLoS ONE. 12, e0187266 (2017).
 20. Uro-Soste, E. et al. Management of muscle and nerve biopsies: expert guidelines from two French professional societies, Société 

française de myologie et de l’Association française contre les myopathies. Rev. Neurol. (Paris). 166, 477–485 (2010).
 21. Jones, N. L., Summers, E. & Killian, K. J. Influence of age and stature on exercise capacity during incremental cycle ergometry in men 

and women. Am. Rev. Respir. Dis. 140, 1373–1380 (1989).
 22. Bader, D.S., McInnis, K.J., Maguire, T.E., Pierce, G.L. & Balady, G.J. Accuracy of a pretest questionnaire in exercise test protocol 

selection. Am. J. Cardiol. 85, 767–770 (2000). PMID: 12000058.

https://doi.org/10.1038/s41598-020-65797-1


7Scientific RepoRtS |         (2020) 10:8865  | https://doi.org/10.1038/s41598-020-65797-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

 23. Wasserman K. Principles of Exercise Testing and Interpretation: Including Pathophysiology and Clinical Applications. (Lippincott 
Williams & Wilkins, Philadelphia, 5th edn. Place, 2005).

 24. Greiner, M., Pfeiffer, D. & Smith, R. D. Principles and practical application of the receiver-operating characteristic analysis for 
diagnostic tests. Prev. Vet. Med. 45, 23–41 (2000).

Author contributions
J.-B.N. designed the study, collected and analyzed data, drafted the manuscript, critically reviewed the 
manuscript, and approved the final draft. F.Z. collected and analyzed data, critically reviewed the manuscript, and 
approved the final draft. F.P. collected and analyzed data, critically reviewed the manuscript, and approved the 
final draft. C.L.M. collected and analyzed data, critically reviewed the manuscript, and approved the final draft. 
P.M. collected and analyzed data, critically reviewed the manuscript, and approved the final draft. F.R. designed 
the study, collected and analyzed data, drafted the manuscript, critically reviewed the manuscript, and approved 
the final draft.

competing interests
Jean-Baptiste Noury, Fabien Zagnoli, François Petit, Cédric Le Maréchal, Pascale Marcorelles, and Fabrice 
Rannou declare that they have no conflict of interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-65797-1.
Correspondence and requests for materials should be addressed to F.R.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-65797-1
https://doi.org/10.1038/s41598-020-65797-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The ratio of maximal handgrip force and maximal cycloergometry power as a diagnostic tool to screen for metabolic myopathie ...
	Results
	Discussion
	Materials and Methods
	Subjects. 
	Grip-test. 
	Bike. 
	Statistics. 

	Figure 1 Predicted maximal handgrip force vs.
	Figure 2 Predicted maximal handgrip force vs.
	Table 1 Anthropometric characteristics and exercise test variables in healthy controls and patients with and without metabolic myopathies.




