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Abstract

BACKGROUND: Malignant hyperthermia (MH), a pharmacogenetic disorder of skeletal muscle,
presents with a potentially lethal hypermetabolic reaction to certain anesthetics. However, some

Address correspondence to Sheila Riazi, MSc, MD, 323-200 Elizabeth St, Toronto, ON, Canada M5G 2C4. Address to
sheila.riazi@uhn.ca.

The authors declare no conflicts of interest.

DISCLOSURES

Name: Sara J. Thompson, MSc.

Contribution: This author designed the study, analyzed the data, and wrote and revised the manuscript.
Name: Sheila Riazi, MD.

Contribution: This author designed the study and wrote and revised the manuscript.

Name: Natalia Kraeva, PhD.

Contribution: This author designed the study and wrote and revised the manuscript.

Name: Michael D. Noseworthy, PhD.

Contribution: This author designed BOLD MRI, analyzed the data, and wrote and revised the manuscript.
Name: Tammy E. Rayner, RMRT, RTR.

Contribution: This author performed the tests and analyzed the data.

Name: Jane E. Schneiderman, PhD.

Contribution: This author helped in design and wrote and revised the manuscript.

Name: Barbara Cifra, MD.

Contribution: This author helped in design and wrote and revised the manuscript.

Name: Greg D. Wells, PhD.

Contribution: This author designed the study, analyzed the data, and wrote and revised the manuscript.
Thismanuscript was handled by: Ken B. Johnson, MD.

Supplemental digital content is available for this article. Direct URL citations appear in the printed text and are provided in the HTML
and PDF versions of this article on the journal’s website (www.anesthesia-analgesia.org).

Part of this project was presented at European MH Group Meeting, Lille, France, June 11-13, 2015.


http://www.anesthesia-analgesia.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Thompson et al.

Page 2

MH-susceptible patients experience muscle weakness, fatigue, and exercise intolerance in the
absence of anesthetic triggers. The objective of this exploratory study was to elucidate the
pathophysiology of exercise intolerance in patients tested positive for MH with the caffeine-
halothane contracture test. To this end, we used phosphorus magnetic resonance spectroscopy,
blood oxygen level-dependent functional magnetic resonance imaging (MRI), and traditional
exercise testing to compare skeletal muscle metabolism in MH-positive patients and healthy
controls.

METHODS: Skeletal muscle metabolism was assessed using phosphorus magnetic resonance
spectroscopy and blood oxygen level-dependent functional MRI in 29 MH-positive patients and
20 healthy controls. Traditional measures of physical capacity were employed to measure aerobic
capacity, anaerobic capacity, and muscle strength.

RESULTS: During 30- and 60-second exercise, MH-positive patients had significantly lower ATP
production via the oxidative pathway compared to healthy controls. MH-positive patients also had
a longer recovery time with blood oxygen level-dependent functional MRI compared to healthy
controls. Exercise testing revealed lower aerobic and anaerobic capacity in MH-positive patients
compared to healthy controls.

CONCLUSIONS: Results of this exploratory study suggest that MH-positive patients have
impaired aerobic metabolism compared to healthy individuals. This could explain the exercise
intolerance exhibited in MH-susceptible patient population.

Malignant hyperthermia (MH), associated with mutations in RYRI, CACNA1S, or STAC3
genes, 1723 is a hypermetabolic reaction to anesthesia caused by an uncontrollable release

of CaZ* from the sarcoplasmic reticulum. There is an increasing number of reports of MH-
susceptible (MHS) patients, as per a positive caffeine-halothane contracture test (CHCT)/in
vitro contracture test, suffering from heat stroke, exercise-induced rhabdomyolysis,>
postexertional muscle cramping,8 and idiopathic elevated creatine kinase (CK).” Some of
MHS patients experience muscle pain, weakness, and cramping, which tend to worsen over
time.8-10 These reports, collectively, suggest that MHS individuals may have skeletal muscle
metabolism abnormalities even in the absence of triggering anesthetics. Studies on animal
models of MH112 have indeed indicated a bioenergetic compromise in these animals in the
absence of anesthetic triggers.

These reports and studies contradict the conventional perception of MH susceptibility as
a subclinical anesthetic-induced disorder. To understand the exercise intolerance in these
patients and to realize all aspects of MH susceptibility as the only “specific disease

to anesthesiologists,” we conducted the first human study to examine the metabolic
dysfunction in MHS patients in the absence of anesthetic triggers.

The aim of our study was to assess skeletal muscle metabolism in MHS patients and

to explore mechanisms of functional impairment, especially exercise intolerance. We
hypothesized that MHS patients have impaired skeletal muscle metabolism with reduced
oxidative phosphorylation (OXPHOS) ATP production, which can affect their functional
performance and exercise capacity.

Anesth Analg. Author manuscript; available in PMC 2023 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Thompson et al. Page 3

To test our hypothesis, we utilized phosphorus magnetic resonance spectroscopy (31P-MRS),
an in vivo tool to assess skeletal muscle metabolism,3 which provides a noninvasive way to
measure cellular high-energy phosphates (ATP), phosphocreatine (PCr), inorganic phosphate
(Pi), and intracellular pH. 31P-MRS allows probing of the 3 bioenergetic systems: the PCr
system (ATP-CP), anaerobic glycolysis, and OXPHOS that are active during exercise. We
also used blood oxygen level-dependent functional magnetic resonance imaging (BOLD
fMRI), another in vivo technique, for the first time in MHS patients to assess changes

that reflect exercise-induced alteration in the deoxyhemoglobin-to-oxyhemoglobin ratio that
serves as a surrogate marker of altered muscle metabolism, blood volume, and blood flow.14
Previous use of 31P-MRS in MHS patients showed equivocal results.15-17

METHODS

Participants

This article adheres to the applicable Equator guidelines. Following research ethics board
approval, for this cohort study from December 2012 to September 2015, consecutive patients
who tested positive with the CHCT, performed according to the North American criteria, 18
were approached by the Malignant Hyperthermia Investigation Unit at Toronto General
Hospital. Thirty-five patients were recruited; however, 2 patients dropped out of the study
due to scheduling constraints, and 4 patients failed to attend the magnetic resonance imaging
(MRI) session, leaving 29 in the CHCT-positive group. Of these, 19 patients were tested due
to either a previous MH reaction or family history of MH, and 10 patients were tested due

to frequent exercise or heat-induced rhabdomyolysis, determined by neurologists’ reports.
Participants were informed of the risks and benefits associated with this study and signed a
written informed consent. Results on full screening of YR and CACNALS genes, resting
CK and histopathology (as per previous published methods)!® on the CHCT-positive patients
were also included. Twenty healthy age- and sex-matched controls (HCs) were recruited
from University of Toronto campus and surrounding community. HCs and CHCT-positive
patients were included if they were able to tolerate moderate to hard exercise. Because
participants only completed the physical activity questionnaire on the day of testing, no
formal matching for physical activity level was administered. However, participants were
matched as best as possible based on information gathered from informal interviews over the
phone. Participants were excluded if they were deemed unable to perform strenuous physical
activity, had any neurological or muscular disease besides MH, or had any metal implants or
devices that were not MR compatible.

Anthropometric Measures and Physical Activity Questionnaire

Height and weight were measured with a wall-mounted stadiometer (Scale-Tronix; Global
Medical Products, Burlington, ON, Canada) and a low-profile stand-on scale (Scale-Tronix,
5122), respectively. The Habitual Activity Estimation Scale was administered to assess
physical activity level. This questionnaire is used to estimate hours spent “inactive” (time
spent lying down), “somewhat inactive” (time spent sitting), “somewhat active” (time
spent standing or walking), and “very active” (activity in which someone is sweating or
breathing hard) during a typical weekday and weekend.20 The questionnaire accuracy has
been validated in adults with chronic illnesses.2!
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Magnetic Resonance Imaging and Spectroscopy

All MRI and spectroscopy data were collected using a Siemens Magnetom Tim Trio 3

Tesla MRI (Siemens AG; Medical Solutions, Erlangen, Germany) at The Hospital for Sick
Children. A dual-tuned 1H/31P transmit/receive surface coil was used for imaging and
spectroscopy acquisition. Patients were placed supine and head first inside the magnet.

First, T1-weighted anatomical images were acquired axially from the mid-quadriceps region.
Following anatomical imaging, with a participant remaining in the scanner, 31P-MRS and
BOLD MRI scanning were performed with the same coil.

Ten resting 31P-MRS spectra were acquired and then averaged to determine baseline high-
energy phosphate content. Subsequently, participants performed a leg extension exercise
using an up-down ergometer with power meter (Lode BV Medical Technology, Groningen,
the Netherlands) while inside the MRI. They performed 30 seconds of maximal exercise
(very high intensity exercise), 60 seconds at 85% of maximum (high intensity exercise),
and 5 bouts of 30-second exercise at 65% of maximum, separated by 15 seconds of rest
(moderate intensity exercise). Spectra were obtained immediately following each exercise
bout and in between each bout of the 5 x 30-second exercise. ATP production rates in

each of the bioenergetics systems were calculated according to the equations developed

by Newcomer and Boska.22 This protocol has been described previously by our group.23
ATP production is the fundamental energy currency for all cellular function in the human
body, but we chose to measure this in skeletal muscle because the bioenergetic systems
that create ATP can be stressed voluntarily and safely. This allows us to probe physiology
noninvasively. The technique allows for the measurement of ATP production with a
resolution of 0.01 mM/s.

Following 31P-MRS data acquisition, participants remained in the MRI in the same position
for the BOLD signal acquisition. Measures were taken before and after three 1-minute bouts
of exercise separated by 2 minutes of rest, using the same up-down ergometer as used for
the 31P-MRS protocol. T2*-weighted BOLD images were obtained using a gradient echo
planar imaging sequence. More details regarding the parameters for MR data acquisition are
provided in Supplemental Digital Content, Appendix, http:/links.lww.com/AA/B811.

MR Data Analysis

Spectral analysis was performed using Java-based magnetic resonance user interface (v.
4.0).24 The areas under the curve for Pi, PCr, and the 3 peaks of ATP (y, a, and ) were
calculated and then normalized to 41.3 mmol, the total sum of muscle phosphate,2° to
determine the concentration of each peak. Changes in intracellular magnesium (Mg?*) and
pH during exercise were calculated from the chemical shift of B-ATP with respect to PCr
and Pi with respect to PCr, respectively.26

Two authors, who were blinded to the group allocations, performed the 31P-MRS and
BOLD fMRI analysis. Both authors have extensive experience in this type of analysis, and
there was concordance between the 2 assessors in 100% of the cases. See Supplemental
Digital Content, Appendix, http://links.lww.com/AA/B811 for more details regarding MR
data analysis.
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Functional Exercise Performance Measurements

Aerobic Capacity.—To estimate maximal oxygen uptake (Moomax), the Young Men’s
Christian Association cycle ergometer submaximal test?” was performed using a cycle
ergometer (Upright Corival, Lode, the Netherlands). This cycling protocol involves 3-minute
bouts of incremental workloads until approximately 85% of age-predicted maximum heart
rate (220 — age) is achieved. This test is used as a measure of aerobic fitness according to the
CSEP Canadian Physical Activity, Fitness and Lifestyle Approach (2010).28

Skeletal Muscle Strength.—To assess lower body strength and power, the vertical jump
test was performed using a vertical measuring device (Vertec, Sports Imports, Hilliard, OH).
Participants performed a countermovement jump by squatting and then jumping in 1 fluid
motion. They repeated the vertical jump test until they were unable to improve their jump
height, and their vertical jump height was recorded (in centimeters). Lower body power was
then calculated to correct for body mass.2? To assess upper body strength, participants used
a handgrip dynamometer (Lafayette Instrument Company model 78010; Lafayette, IN). The
highest score after 3 trials was recorded (in kilograms).

Anaerobic Capacity.—Anaerobic capacity was assessed using the Wingate Anaerobic
Test30 on a cycle ergometer (Ergomedic 849E, Monark, Sweden). Following a warm-up,
consisting of 3 minutes of easy pedaling and three 10-second sprints, participants were
instructed to cycle as fast as possible with zero resistance on the bike. As soon as the
participant reached maximum pedaling speed, predetermined during warm-up, resistance
was automatically applied and the participant biked at maximal effort for 30 seconds. Load
was set at 8% of body weight. This is an estimate of optimal load for a recreationally active
adult population based on recommendations by Bar-Or and coworkers.3!

Statistical Analysis and Sample Size Calculation

Independent samples #tests and Fisher exact tests were performed to compare numerical
and categorical parameters, respectively. For habitual physical activity levels, nonparametric
tests were performed (Mann-Whitney U and Kruskal-Wallis independent samples tests)

due to high variability in the data. The Pearson rcoefficient was performed to determine

the relationship between measures of functional exercise capacity and in vivo measures of
metabolism. All statistical analyses were performed with SPSS (version 22.0, released 2013;
IBM Corporation, Armonk, NY). Measures were reported as mean + standard deviation.
Statistical significance was set at £ < .05; however, correction for multiple comparisons was
done using Benjamini-Hochberg procedure, with false discovery rate set at 0.2.

The primary outcome for this study was ATP production rate as measured by 31P-MRS.
There was no previous study on measurement of ATP production in MHS patients;
however, a priori power was calculated based on a previous study by our group on Turner
Syndrome.23 Minimal detectable differences in ATP production were calculated to be 0.3
+ 0.3 mM/s (mean + standard deviation). To achieve a power of 0.8, 34 total participants
(CHCT and HC) were required.
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Anthropometric Measures and Habitual Physical Activity Levels

Participants’ descriptive characteristics, including the results on resting CK values, genetic
testing, and histopathology for CHCT-positive patients, are shown in Table 1. There were no
significant differences in age, height, weight, or body mass index between the CHCT+ and
HC groups.

There were significant differences between CHCT-positive patients and HC regarding the
hours spent “very active” on weekdays (CHCT+: median, 0.0 [interquartile range {IQR},
0.0-0.98] hours versus HC: median, 0.92 [IQR, 0.8-1.28] hours, £=.004) and the hours

spent “very active” on weekends (CHCT+: median, 0.0 [IQR, 0.0-0.0] hours versus HC:

median, 0.88 [IQR, 0.0-1.6] hours, A= .002).

Magnetic Resonance Imaging and Spectroscopy

A summary of ATP production rate during exercise as measured by 31P-MRS is shown in
Table 2. During 30- and 60-second exercise tests, CHCT-positive patients had significantly
lower ATP production via OXPHOS than HC (Figure 1). Recovery of PCr, postexercise Pi,
ratio of Pi to PCr, and Mg?* were calculated as secondary outcome measures. Resting levels
of Pi, PCr, ATP, pH, Mg?*, or Pi:PCr, as well as postexercise Pi, Pi:PCr, or Mg2*, were not
significantly different between CHCT-positive patients and HC.

A summary of the BOLD fMRI results is presented in Table 3. A significant difference was
detected between CHCT-positive patients and HC for the response time of the BOLD fMRI
signal recovery curve following exercise (CHCT+: 12.86 + 3.07 seconds versus HC: 9.54

+ 3.73 seconds, P=.01, r = .44). Baseline BOLD fMRI signal intensity, change in signal
intensity, and the half-time recovery were not significantly different between CHCT-positive
patients and HC.

Exercise Performance

Aerobic and Anaerobic Capacity.—CHCT-positive patients had significantly lower
predicted Voomay than HC (CHCT+: 33.2 £ 7.1 mL/kg/min versus HC: 38.2 + 6.7 mL/kg/
min, P=.02; Figure 2A).

CHCT-positive patients had significantly lower absolute mean power (CHCT+: 446.1 £
119.7 W versus HC: 544.7 + 144.6 W, P=.02) and relative mean power (CHCT+: 6.2+ 1.2
W/kg versus HC: 7.2 £ 1.3 W/kg, A= .01) during the 30-second Wingate Anaerobic Test
than HC (Figure 2B). CHCT-positive patients had a greater fatigue index or the percentage
drop from peak power to minimum power (CHCT+: 59.6% + 8.8% versus HC: 51.7% +
8.4% P =.004) compared to HC (Figure 2C).

Upper and Lower Body Muscle Strength.

Results from the participants’ upper and lower body muscle strength tests are shown in Table
4. There were no significant differences in handgrip strength, vertical jump height, or lower
body power between the groups.
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DISCUSSION

We demonstrated that patients tested positive for MH based on CHCT, when compared

to HC, showed a significant decrease in ATP production via OXPHQS following 30-

and 60-second high-intensity exercise bouts, lower maximal oxygen uptake (M0ozmax)
during the endurance cycle ergometer test, impaired anaerobic capacity, as measured by
decreased mean power, and greater fatigue during the Wingate Anaerobic Test, as well as
a significantly longer response time of the sigmoidal function in BOLD fMRI. None of
the CHCT-positive patients demonstrated any overt myopathic features nor did they have
any significant structural changes, such as cores or minicores in their histopathology. Due
to their association with mutations in the ryanodine receptor gene, RYRI, core myopathies
(central core and multiminicore disorders) carry a high risk of MH susceptibility.32

Previous studies of in vivo metabolic changes in MHS patients have shown equivocal
results.1>-17 The observed longer PCr recovery in CHCT-positive patients was consistent
with Monsieurs et al'® who detected longer recovery of PCr following exercise as an
indication of impaired aerobic metabolism. Our approach enabled us to gain insights into
each of the 3 primary energy systems that provide energy for metabolism in muscle (ATP-
CP, anaerobic glycolytic and aerobic oxidative), and for the first time, by measuring ATP
production, we were able to identify impairment specifically in the OXPHOS pathway,
which is a primary source of energy during exercise.33 The reduced ATP production after
30 or 60 seconds of intense exercise demonstrates that the exercise intolerance is observable
only following elevated metabolic stress. From a clinical relevance perspective, it suggests
that MHS patients may not experience physiological problems during activities of daily
living (walking, cleaning, and gardening) but that they would likely experience limitations
with more intense activities (walking up flights of stairs, running for a bus, or carrying
groceries).

Because ATP is the fundamental energy currency for many metabolic processes and
pathways in the human body, lower ATP production rate can have wide-ranging
consequences metabolically and clinically. More specifically, the observed difference in ATP
production rate of approximately 0.1 mM/s in MHS patients represents a 21% slower rate

of ATP production when compared to HCs in the postexercise recovery period. Since ATP
production in the postexercise recovery phase is primarily driven by mitochondrial function,
this helps to focus the pathophysiology of exercise intolerance to mitochondrial dysfunction.
The slower postexercise recovery of 21% also manifests itself in a patient having to rest 21%
longer or experiencing more postexercise discomfort (muscle discomfort, heavy breathing,
and fatigue) after an exercise bout than a healthy individual. Individuals who experience
exercise intolerance may be less inclined to participate in physical activity, which can lead
to a negative cycle of deconditioning. Therefore, decreased ATP production via this critical
energy pathway can be the cause of muscle weakness, cramping, and exercise intolerance
both in MHS patients with a family history of anesthetic reaction and in patients with
exertional heat illness who tested positive for MH susceptibility with CHCT.

Decreased aerobic capacity, as demonstrated in the endurance cycle ergometer test, suggests
that the decreased ATP production observed at the molecular level is associated with
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impaired functional capacity. Specifically, MHS patients have an impaired ability to sustain
moderate level activity. The impaired anaerobic capacity observed during the Wingate
Anaerobic Test demonstrates the inability to sustain very high intensity physical activity.
This can be possibly explained by greater reliance on anaerobic metabolism to compensate
for impaired aerobic function,16 which leads to decreased power and faster fatigue with the
accumulation of glycolytic metabolites and impediment of contractile function.33 Indeed, a
negative correlation was observed between fatigue index during the Wingate Anaerobic Test
and OXPHOS ATP production rate during the 31P-MRS 30-second exercise bout.

Our study is the first to use BOLD fMRI to assess skeletal muscle hemodynamics
following exercise in this group of patients. Within our experimental framework, changes
in BOLD signal are dominated, albeit indirectly, through changes in tissue perfusion.12 The
accumulation of metabolites, such as carbon dioxide, H*, and Pi, during exercise elicits

a local increase in muscle blood flow due to vasodilation of microvessels,3* impairing
bodily ability to eliminate these waste products from the muscle.23 Indeed, we observed

a significantly longer response time of the sigmoidal function in CHCT-positive patients
compared to HC. This longer response time might be indicative of a longer washout

of deoxyhemoglobin,3° suggesting that CHCT-positive patients have impaired tissue
perfusion following exercise. The BOLD signal is representative of the ratio of oxygenated
hemoglobin to deoxygenated hemoglobin. After exercise, deoxygenated hemoglobin was
observed to be predominant in the measured tissue, and there was a gradual return to

higher levels of oxygenated hemoglobin. The rate of recovery was slower in CHCT-positive
patients, which may be indicative of impaired aerobic oxidation in muscle or impaired
perfusion. Further research is required to validate the sigmoidal function and to determine if
the difference in BOLD signal is due to impaired oxygen utilization (aerobic oxidation) or
oxygen delivery (impaired perfusion).

We acknowledge that there is only estimated and indirect evidence for the resultant
sigmoidal slope (a.), representing the washout time of deoxyhemoglobin postexercise.
However, there is good evidence for a representing the washout of deoxyhemoglobin
following a hyperemic or exercise stimulus.36:37 In addition, given that extravascular effects
on the BOLD response are essentially negligible at 3.0 Tesla MRI scanners, we believe that
a is a reasonable estimate of the rate of deoxyhemoglobin washout postexercise.

The impairment shown on BOLD fMRI might explain the progression of symptoms during
an exercise-induced hypermetabolic reaction, because skeletal muscle requires increased
blood supply to offset the oxygen deficiency during exercise. Thus, this study demonstrates
the value of BOLD fMRI in assessing metabolic dysfunction.

Impairment of OXPHOS may be caused by mitochondrial damage in skeletal muscle of
MHS patients. It has been suggested, based on experiments on the murine model of MH,
that even in the absence of an MH episode, there is an increase in cytosolic Ca2*, due to
“leaky” RyR1,38 and, therefore, mitochondrial Ca2* might also be persistently elevated.
Ca?* overload causes metabolic insufficiency of the mitochondria,3? resulting in the
production of reactive oxygen species and reactive nitrogen species and subsequent decrease
in mitochondrial mass and OXPHOS. Durham et al, 4 studying a mouse model, proposed
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that reactive nitrogen species cause remodeling of RyR1 through protein nitrosylation,
leading to an even “leakier” channel that is more susceptible to future triggers. This feed-
forward mechanism of accumulated Ca2* increased reactive oxygen species production, and
worsening mitochondrial damage is one hypothesis to explain the wide range of phenotypic
severities in the MHS population. Continuous mitochondrial damage and subsequent RyR1
remodeling can lead to increased sensitivity to both anesthetic and heat- and exercise-
induced triggers and a worsening phenotype over time. Due to the small sample size,

no statistical analyses were performed to compare subgroups of CHCT-positive patients
with and without musculoskeletal symptoms. However, both metabolic and functional
impairments were observed in symptomatic CHCT-positive patients, particularly in those
with severe symptoms.

There are several limitations to this study. Most notably, there were potentially confounding
variables that we were unable to correct for. One particular limitation is that, with many
CHCT-positive patients in our study group leading an inactive lifestyle (as demonstrated

by the physical activity questionnaire), it remains uncertain if the metabolic and functional
impairments are due to the disease itself or if they are secondary to physical inactivity.
Because consistent exercise brings about numerous physiological adaptations, such as
enhanced ability to transport oxygen, increased enzyme activity, and greater size and number
of mitochondria,33 it might be possible that the impaired OXPHOS and aerobic capacity
were due to the deconditioned nature of these patients. However, our patients did not have
changes in such physiological measures as ATP-CP and anaerobic glycolysis (as measured
by 31P-MRS) nor did they exhibit decrease in skeletal muscle strength compared to healthy
participants. Therefore, it is unlikely that their metabolic and functional impairments were
caused solely by physical inactivity. In addition, although measurement of physical activity
by means of a questionnaire, as done in this study, is an accurate marker of habitual physical
activity,21 future studies should consider the use of accelerometry to obtain a quantitative
measurement of physical activity.

Another limitation is a relatively small sample size due to patient dropout. In addition, some
data were excluded due to poor signal acquisition/motion artifacts (as was the case during
MRS and BOLD fMRI testing) or noncompliance during the exercise testing, decreasing the
power of the study. In addition, we have combined the patients with a personal or family
history of MH reaction with those who tested positive with CHCT following exertional
rhabdomyolysis. Arguably, these 2 groups are different for their reasons for referral, but due
to the small sample size and since they had been tested positive for CHCT, we treated them
as the same group.

Further, we have assumed that the change in BOLD signal is predominantly through altered
metabolism. To more directly confirm this, a study using a spiral or echo planar imaging-
based arterial spin labeling approach to directly measure microvascular perfusion would be
helpful. However, such a sequence is not widely available on MRI scanners; hence, we
decided to use BOLD.

No mitochondrial or inflammatory markers were measured directly from the muscle tissue.
Future studies are warranted to analyze mitochondrial function in patients tested positive
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for MH at the cellular level to confirm our in vivo findings, as we have done previously in
patients with cystic fibrosis.4

In summary, these findings interweave to provide insights into the pathophysiology of
exercise intolerance in MHS patients. There were 3 primary observations: (1) impaired

ATP production rate after intense exercise, which is suggestive of secondary mitochondrial
impairment; (2) lower mean power and greater fatigue during the Wingate cycling test,
which is suggestive of impaired energy production during intense exercise and impaired
fatigue resistance during exercise; and (3) a longer response time for the BOLD signal,
which demonstrates that the muscles of MHS patients take longer to return to homeostasis
following exercise than HCs. These findings, taken in aggregate, clearly demonstrate that
MHS patients have exercise intolerance, especially when doing intense exercise (such

as running up a flight of stairs, lifting heavy objects, or sprinting for a bus), that they
experience heightened fatigue during and after such activities, and that they take longer to
recover from activity when compared to HCs. These findings can be used as a foundation for
evidence-based physical activity and exercise recommendations that could help to prevent or
alleviate these challenges. In addition, a better understanding of the pathophysiology of MH
can help anesthesiologists and other medical professionals help patients better manage their
clinical symptoms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Box and whiskers plot of ATP production rate as measured by phosphorus magnetic

resonance spectroscopy (31P-MRS). CHCT-positive patients had significantly lower
OXPHQOS ATP production rates than HCs (HC: 0.34 £ 0.11 mM/s versus CHCT+: 0.27
+0.11 mM/s, P=.03, r=0.30). Whiskers display data from minimum to maximum with
5%—-95% percentile; box shows interquartile range from first to third quartile, and median
value is shown as a horizontal line within the box, according to Tukey post hoc test. CHCT
indicates caffeine-halothane contracture test; HC, healthy age- and sex-matched control;
OXPHQOS, oxidative phosphorylation.

Anesth Analg. Author manuscript; available in PMC 2023 February 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Thompson et al. Page 14

A B_ C
N
__ 60+ S 159 = 100+
< —— = El %3
£ * $ 3 804 <
i -1 & *% 2
GO — T P e S I e Il__'LII
- — = 2 ——
E 2 T 401
E <+ = === = g
£ 2 T 20-
S g 2
0 y . ° o : ' S . ,
HC CHCT+ 2 HC CHCT+ HC CHCT+
Figure 2.

Exercise performance of CHCT-positive patients compared to HCs. A, CHCT-positive
patients had significantly lower predicted Voomax than HC (CHCT+: 33.2 = 7.1 mL/kg/min
versus HC: 38.2 £ 6.7 mL/kg/min, £=.02). B, Significantly lower relative mean power
W/kg (watts per kilogram) in CHCT-positive patients compared to HC (HC: 7.2 +1.3 W/kg
versus CHCT+: 6.2 + 1.2 watts), 2= .01. C, Significantly higher fatigue index (% drop

in power) in CHCT-positive patients compared to HC (HC: 51.7% + 8.4% versus CHCT+:
59.5% + 8.6 %), P=.004. CHCT indicates caffeine-halothane contracture test; HC, healthy
age- and sex-matched controls.
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