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BACKGROUND: Muscle relaxants reduce “total” oxygen consumption, and 1.2 mg/kg of rocuronium has 
been shown to attenuate ischemia-reperfusion injury (IRI). Therefore, we herein investigated whether 0.9 
mg/kg of rocuronium reduced “local” oxygen consumption and IRI indirectly by measuring changes in 
hypoxanthine (HPX), an indicator of intracellular adenosine triphosphate (ATP) consumption, and 
malondialdehyde (MDA), an indicator of IRI, respectively. METHODS: This study was designed as a 
randomized controlled trial. Female patients aged 50–79 years old who were scheduled for elective knee 
arthroplasty under general anesthesia were recruited. After the collection of pre-ischemia blood samples, 
0.9 mg/kg of rocuronium was administered to patients in group R and a placebo to those in group C 3 
minutes before tourniquet inflation. Five minutes after tourniquet deflation, post-ischemia blood samples 
were collected. The primary outcome was the change in the concentration of MDA (ΔMDA) after ischemia. 
RESULTS: Medians [interquartile ranges] for ΔMDA (μmol/L) in group R (n = 19) and group C (n = 18) 
were −0.47 [−1.25 to 0.13] and −0.58 [−0.67 to −0.28], respectively, with no significant difference (p = 0.796). 
Means ± standard deviations for ΔHPX (μmol/L) were 1.09 ± 0.70 and 1.71 ± 1.09 in groups R and C, 
respectively, and the difference between the groups was significant (p = 0.046). CONCLUSIONS: We were 
unable to confirm that 0.9 mg/kg of rocuronium attenuates IRI or postoperative quadriceps muscle 
weakness. While the present results suggest that rocuronium reduced intracellular ATP consumption, no 
clinically beneficial effects were observed. 

 
INTRODUCTION 

Avascularization with a tourniquet is often performed in limb surgery, such as total knee arthroplasty (TKA), 
to reduce the amount of bleeding and ensure a bloodless surgical field. Although TKA for patients with end-stage 
osteoarthritis generally ameliorates pain and improves physical function [1], tourniquet use has been associated 
with quadriceps muscle weakness lasting 3 months [2]. In addition to orthopedic surgery, there are a number of 
conditions under which muscle tissue becomes ischemic, such as cardiovascular surgery and free flap surgery, and 
long-term ischemia results in muscle fiber necrosis and degeneration [3]. To prevent ischemic complications, the 
duration of ischemia needs to be minimized; however, there are currently no clear criteria and it may still exceed 
the planned time depending on the progress of the surgery. Even in such a case, the suppression of oxygen 
consumption by ischemic tissue may extend the life span of muscle cells, thereby reducing postoperative 
complications and preventing delays in functional recovery. 

Muscle relaxants are sometimes used to reduce oxygen consumption, and have been shown to reduce “total” 
oxygen consumption in mechanically ventilated patients [4, 5]. However, since these effects may be due to 
improvements in ventilator synchrony and reduced respiratory effort, there is no evidence to show that muscle 
relaxants reduce “local” oxygen consumption. In 2018, Ledowski et al. [6] reported that rocuronium, a non-
depolarizing muscle relaxant, exerted protective effects against ischemia in skeletal muscle in rats, and speculated 
that these effects were due to muscle relaxants reducing cellular oxygen consumption. Chen et al. [7] subsequently 
conducted a clinical study and indicated that rocuronium exerted dose-dependent protective effects against 
ischemia in skeletal muscle. They examined rocuronium at two doses, 1.2 and 0.6 mg/kg, and showed that only 
1.2 mg/kg attenuated ischemia-reperfusion injury (IRI). However, their findings suggested that rocuronium exerted 
protective effects on skeletal muscle, even at 0.6 mg/kg; therefore, we suspected that other factors may have 
contributed to these effects. Furthermore, the maximum dose of rocuronium approved in Japan is 0.9 mg/kg, and 
it is unclear whether this dose effectively attenuates IRI. Accordingly, we hypothesized that 0.9 mg/kg of 
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rocuronium attenuates IRI, and conducted the present study with the aim of confirming that this effect is due to a 
reduction in oxygen consumption by muscle cells. We herein investigated whether 0.9 mg/kg of rocuronium 
attenuated IRI and reduced “local” oxygen consumption indirectly by measuring changes in malondialdehyde 
(MDA), an indicator of IRI [8], and hypoxanthine (HPX), an indicator of hypoxia [9, 10], respectively. We also 
attempted to elucidate the mechanisms by which rocuronium protects muscle cells against ischemia and contributes 
to improved surgical outcomes and postoperative functional recovery.  

 
MATERIALS AND METHODS 

Ethics and registration 
This study was designed as a randomized, single-blind, placebo-controlled, parallel-group trial performed at 

Kobe University Hospital. We report this trial in accordance with the Consolidated Standards of Reporting Trials 
(CONSORT) guidelines. The trial was approved by the Ethics Committee at Kobe University Hospital (Kobe, 
Japan) on July 19, 2019. The protocol was registered before starting patient enrolment in the University hospital 
Medical Information Network Clinical Trial Registry (UMIN000036931 on July 26, 2019). All eligible and 
consenting patients provided their signed, written informed consent before randomization. 

 
Study population 

Inclusion criteria included female patients aged 50–79 years old who were scheduled for elective unilateral 
TKA or unicompartmental knee arthroplasty under general anesthesia from July 2019 to March 2023. 

Exclusion criteria included patients with preoperative alanine aminotransferase >100 U/L; creatinine >1.5 
mg/dL; a history of neuromuscular disease, drug sensitivity, or allergy to muscle relaxants; patients who were 
pregnant or breast-feeding; and patients taking a calcium blocker, β blocker, steroids, or other medications known 
to affect the action of muscle relaxants (monoamine oxidase inhibitor, phenytoin, carbamazepine, cimetidine, 
quinidine, metronidazole, aminoglycoside antibiotics, lincomycin antibiotics, polypeptide antibiotics, lithium, 
calcium, magnesium, potassium, furosemide, and thiazide diuretics) on the day of surgery. 

 
Randomization 

The investigator enrolled patients after obtaining their written informed consent. Patients were then randomly 
assigned to a rocuronium group (group R) or control group (group C) by an envelope method at a ratio of 1:1. 
Envelopes were generated, selected, and opened by non-medical personnel not involved in the study. Patients and 
surgeons were blinded to the allocation results. 

 
Intervention 

None of the patients were premedicated. An intravenous catheter was inserted into an upper extremity vein, 
and standard monitoring (electrocardiogram, non-invasive blood pressure, and pulse oximetry) was performed. 
After the administration of a preoperative prophylactic antibiotic (1 g of cefazolin or cefotiam), normal saline 
infusion was started. After preoxygenation, general anesthesia was induced with propofol (2–3 mg/kg), fentanyl 
(1–2 μg/kg), and remifentanil (0.05–0.2 μg/kg/min). Airway management was conducted using a supraglottic 
device. Each patient was mechanically ventilated with an inspired oxygen fraction of 0.4, and target end-tidal 
carbon dioxide partial pressure was 35–45 mmHg because respiratory pH changes may affect the action of 
rocuronium [11, 12]. Nerve block and local anesthesia were not performed prior to surgery. Anesthesia was 
maintained with sevoflurane (1–1.5%) and remifentanil (0.05–0.5 μg/kg/min). Propofol was not used for the 
maintenance of anesthesia because it has been reported to suppress increases in MDA [13]. To stabilize blood 
pressure and heart rate, ephedrine, phenylephrine, atropine, nicardipine, and fentanyl were used as required. After 
a pre-ischemia venous blood sample had been obtained, 0.9 mg/kg of rocuronium bromide was administered to 
patients in group R and a placebo (same volume of normal saline) to those in group C 3 minutes before tourniquet 
inflation. Simultaneously with tourniquet inflation, muscle contractions of the adductor pollicis induced by a train-
of-four (TOF) stimulation of the ulnar nerve at 50 mA were measured by acceleromyography (TOF WatchTM SX; 
MSD, Tokyo, Japan). After tourniquet inflation (250 mmHg), the use of rocuronium was permitted in both groups 
as needed. Five minutes after tourniquet deflation, a post-ischemia venous blood sample was collected. MDA, 
HPX, lactate ion, myoglobin, creatine kinase (CK), aspartate aminotransferase (AST), potassium, and uric acid 
(UA) concentrations were measured from blood samples taken before and after ischemia, and changes in these 
concentrations were compared in the two groups. Although lactate dehydrogenase was measured at the start of the 
study, the measurement method was changed during the study and, thus, it was excluded. At the end of the surgery, 
the surgeon administered analgesics (0.75% ropivacaine 20 ml, morphine 10 mg, dexamethasone 3.3 mg, 
adrenaline 0.3 mg, and normal saline 40 ml) for postoperative pain relief and 10% tranexamic acid 20 ml to reduce 
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postoperative bleeding via a periarticular injection. Before extubation, patients who had received rocuronium were 
given sugammadex. Study methods for each group are shown in Fig. 1. 

 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1. Study methods for each group 
 
 
Outcomes 

The primary outcome of this study was the change in the concentration of MDA (ΔMDA) after ischemia. 
Secondary outcomes were changes in HPX, lactate ion, myoglobin, CK, AST, potassium, and UA concentrations 
after ischemia and changes in quadriceps muscle strength after surgery. We also investigated the relationship 
between the total dose of rocuronium and changes in various blood test results, as well as the number of days until 
discharge. 

 
Measurement of plasma MDA 

Blood samples for MDA measurements were divided into an EDTA-2K collection tube, centrifuged (2,000 × 
g, 5 min), and 0.05% butylated hydroxytoluene was added as an antioxidant to the resulting supernatant, which 
was then stored at −80°C. To measure plasma MDA concentrations, the thiobarbituric acid reactive substance 
(TBARS) assay was performed using the OxiSelectTM TBARS Assay Kit (Cell Biolabs, Inc., San Diego, USA). 
One hundred microliters of sodium dodecyl sulfate lysis solution was added to 100 μL of each MDA standard and 
samples, mixed thoroughly, and incubated at room temperature for 5 minutes. Two hundred and fifty microliters 
of thiobarbituric acid reagent was added to the solution, which was incubated at 95°C for 50 minutes, cooled to 
room temperature in an ice bath for 5 minutes, and centrifuged at 3,000 rpm for 15 minutes. To prevent the 
interference of hemoglobin and its derivatives, 300 μL of n-butanol was added to 300 μL of the supernatant, which 
was vortexed vigorously for 1.5 minutes and then centrifuged at 10,000 × g for 5 minutes. After an incubation at 
room temperature for 10 minutes, the supernatant was used for spectrophotometric measurements. The absorbance 
of MDA standards and samples was read at 532 nm. 

 
Measurement of plasma HPX 

A previous study demonstrated that plasma HPX concentrations increased in a time-dependent manner after 
blood collection [14]. Blood samples for HPX measurements were divided into a PAX geneTM DNA collection 
tube (Becton, Dickinson and Company, USA), which has been shown to prevent increases in HPX [15], 
centrifuged (2,000 × g, 5 min), and the resulting supernatant was stored at −80°C. Samples were submitted to Mie 
Research Laboratories (Sanwa Kagaku Kenkyusho, Mie, Japan) and analyzed. 
 
Measurement of blood lactate ions 

Blood samples for lactate ion measurements were divided into a heparinized tube and lactate ion concentrations 
were assessed using ABL800 FLEXTM (Radiometer, Copenhagen, Denmark). 

 
Measurement of other parameters 

Blood samples for myoglobin, CK, AST, potassium, and UA measurements were divided into plain collection 
tubes, centrifuged (2,000 × g, 5 min), and the resulting supernatant was stored at 4°C. Samples were submitted to 
a clinical testing company (BML, INC. Japan) and analyzed. 
 
Quadriceps muscle strength 

Quadriceps muscle strength was measured using a hand-held dynamometer (ergoFETTM; Hoggan Scientific, 
Salt Lake City, USA) by physical therapists who were blinded to the allocation group on the day before surgery 



EFFECTS OF ROCURONIUM ON ISCHEMIA 

E55 

and before discharge, and the degree of change, the number of postoperative days (POD) until the measurement, 
and the number of POD until discharge were compared in the two groups. 

 
Sample size and statistical analysis 

Based on the findings reported for the inhalation anesthesia group in Turan’s study [13] on tourniquet-induced 
IRI in the lower extremities, we estimated the mean increase in MDA to be 1.4 μmol/L and the standard deviation 
(SD) to be 0.4 μmol/L. Assuming that a t-test was conducted with the suppressive effects of rocuronium at 30% 
(0.42 μmol/L), a significance level of 5%, and a power of 90%, it was calculated that 20 patients were required in 
each group. In anticipation of a 15% loss from potential technical failures, we increased the target total sample 
size to 46. 

Data for patient demographics are presented as medians [interquartile range (IQR)] or numbers. We used the 
Mann-Whitney U test for continuous data and the chi-square test for categorical data. Regarding research results, 
parametric data are presented as means ± SD and non-parametric data as medians [IQR]. We used the Student’s t-
test for parametric data and the Mann-Whitney U test for non-parametric data. The Shapiro-Wilk test was 
performed to investigate whether continuous data conformed to a normal distribution. Spearman’s correlation 
analysis was employed to examine the relationship between the total dose of rocuronium and each item. A p value 
< 0.05 was considered to be significant. All statistical analyses were performed using EZR version 1.61 (Saitama 
Medical Center, Jichi Medical University, Saitama, Japan), R-based analysis software [16]. 

 
RESULTS 

Participants 
Forty-three patients were enrolled in the present study between July 2019 and May 2022, and 37 (19 in group 

R and 18 in group C) were included in the primary outcome analysis (Fig. 2); six were excluded from the study 
because of tourniquet failure (n = 2), delayed tourniquet inflation (n = 1), delayed blood collection (n = 1), blood 
hemolysis (n = 1), and tracheal intubation (n = 1). This study was terminated before reaching the target sample 
size due to the expiration of the period approved by the Ethics Committee. Baseline characteristics in the two 
groups are shown in Table I and Appendix 1. Patient demographics were similar between the groups. A comparison 
of the amounts of drugs used for anesthesia is shown in Appendix 2. Significant differences were observed in the 
amounts of rocuronium and sugammadex administered. 

The TOF count measured simultaneously with tourniquet inflation was 0 in all patients, except for one (2 
counts) in group R, confirming that ischemia had begun under the effects of rocuronium. The TOF count was 4 in 
all patients in group C. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Flow chart of the study 
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Table I. Patient demographic data 
 group R (n = 19) group C (n = 18) p value 
Age (y) 70 [62.5–75.5] 74.5 [70.3–77] 0.157 
Height (cm) 155.1 [147.6–159.4] 151.2 [146.7–152.7] 0.071 
Weight (kg) 58.3 [52.7–69.1] 54.8 [51.9–57.7] 0.145 
BMI (kg/m2) 24.5 [22.5–27.7] 24.7 [22.4–26.3] 0.715 
ASA-PS (Ⅰ/Ⅱ) 2/17 1/17 1 
Operation time (min) 75 [64.5–98.5] 95.5 [67.3–112.8] 0.287 
Tourniquet time (min) 74 [61.5–93] 93.5 [65–108.8] 0.186 
Fluid volume (mL) 700 [615–825] 750 [625–800] 0.927 
Urine output (mL) 125 [50–270] 72.5 [57.5–123.8] 0.330 
Blood loss (mL) 0 [0–0] 0 [0–0] 0.938 

Data are presented as medians [IQR] or numbers. We used the Mann-Whitney U test for continuous data and the chi-square 
test for categorical data. 
BMI, body mass index; ASA-PS, American Society of Anesthesiologists physical status; IQR, interquartile range. 
 
 
Primary outcome 

Medians [IQR] for ΔMDA (μmol/L) in group R (n = 19) and group C (n = 18) were −0.47 [−1.25 to 0.13] and 
−0.58 [−0.67 to −0.28], respectively, with no significant difference (p = 0.796) (Table II and Appendix 3). 
Furthermore, no significant differences were observed in pre- or post-ischemic MDA concentrations between 
groups R and C (Fig. 3 and Appendix 4). 
 
 

Table II. Primary and secondary outcomes of the study 
 group R (n = 19) group C (n = 18) p value 
ΔMDA (μmol/L) −0.47 [−1.25 to 0.13] −0.58 [−0.67 to −0.28] 0.796 
ΔHPX (μmol/L) 1.09 ± 0.70 1.71 ± 1.09 0.046 
ΔLactate ion (mmol/L) 0.52 ± 0.29 0.59 ± 0.29 0.418 
ΔMyoglobin (ng/mL) 12.7 [6.6–26.1] 35.7 [13.1–67.6] 0.150 
ΔCK (U/L) −8.5 ± 9.8 −4.1 ± 10.1 0.181 
ΔAST (U/L) −2.0 [−4.0 to −1.0] −2.5 [−3.8 to −1.3] 0.759 
ΔPotassium (mEq/L) 0.16 ± 0.20 0.13 ± 0.25 0.690 
ΔUA (mg/dL) 0 [−0.1 to 0] 0 [−0.1 to 0] 0.552 

Parametric data are presented as means ± SD and non-parametric data as medians [IQR]. The Student’s t-test was used for 
parametric data and the Mann-Whitney U test for non-parametric data. 
MDA, malondialdehyde; HPX, hypoxanthine; CK, creatine kinase; AST, aspartate aminotransferase; UA, uric acid; SD, 
standard deviation; IQR, interquartile range. 
 

 
 
 
 
 
Fig. 3.  
Plasma MDA concentrations before and after ischemia 
The box plot shows the median, interquartile range (IQR), 
and range of values within 1.5 times the IQR. The line inside 
the box represents the median. 
R, Rocuronium group (n = 19); C, control group (n = 18). 
 
 
 
 
 
 

 
Secondary outcomes 

Means ± SD for ΔHPX (μmol/L) in group R (n = 19) and group C (n = 18) were 1.09 ± 0.70 and 1.71 ± 1.09, 
respectively, with a significant difference (p = 0.046) (Table II and Appendix 3). Although pre- and post-ischemic 
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HPX concentrations did not significantly differ between groups R and C (Fig. 4a), the degree of change was 
significantly smaller in group R (Fig. 4b). HPX is an intermediate product of adenosine triphosphate (ATP) 
metabolism and is metabolized by xanthine oxidoreductase (XOR) [17] (Fig. 5), and none of the patients in this 
study had received an ATP or XOR inhibitor (allopurinol, febuxostat, and topiroxostat) on the day of surgery. No 
significant differences were noted in changes in lactate ion, myoglobin, CK, AST, potassium, or UA concentrations 
after ischemia (Table II and Appendix 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Plasma HPX concentrations before and after ischemia 
a, Comparison of concentrations. Data are presented as means with 95% confidence intervals.  
b, Comparison of concentration changes. 
R, Rocuronium group (n = 19); C, control group (n = 18). 
 
 

The total dose of rocuronium was weakly associated with changes in myoglobin and CK concentrations 
(Appendix 5, Appendix 6). However, CK concentrations were lower after ischemia in most patients, indicating 
that they did not reflect the effects of ischemia; therefore, this result is considered to have no clinical significance. 

Means ± SD for Δquadriceps muscle strength (N) in group R (n = 16) and group C (n = 15) were −82.3 ± 43.2 
and −54.3 ± 47.1, respectively, with no significant difference (p = 0.094) (Table III and Appendix 7). 
 
 

Table III. Results on quadriceps muscle strength and POD until discharge 
 group R (n = 16) group C (n = 15) p value 
ΔQuadriceps muscle strength (N) −82.3 ± 43.2 −54.3 ± 47.1 0.094 
POD until measurement 15 [14.8–16.3] 16 [15–17] 0.452 
POD until discharge 16.7 ± 2.5 16.8 ± 2.9 0.909 

Parametric data are presented as means ± SD and non-parametric data as medians [IQR]. We used the Student’s t-test for 
parametric data and the Mann-Whitney U test for non-parametric data. 
POD, postoperative days; SD, standard deviation; IQR, interquartile range. 
 
 

DISCUSSION 
MDA, an intermediate product of lipid peroxidation, is an indicator of IRI [8]. In the present study, no increase 

was observed in the concentration of MDA post-ischemia. None of the patients in the present study took α-
tocopherol (vitamin E) on the day of surgery, which may inhibit lipid peroxidation [18]. In addition, propofol, 
which inhibits lipid peroxidation [13], was not used to maintain anesthesia. After the completion of the present 
study, we found a study showing that remifentanil inhibited lipid peroxidation [19]; therefore, the effects of IRI 
may not have been evaluated appropriately. Previous studies reported increases in the concentration of MDA 
before reperfusion [13, 20] and 60 seconds [21], 15 minutes [22], and 30 minutes [7] after reperfusion. In the 
present study, the concentration of MDA was measured 5 minutes after reperfusion; however, it is possible that 
the increase in MDA was inhibited by the effects of remifentanil. If measurements had been taken 30 minutes after 
reperfusion, the same timing as that reported by Chen et al. [7] using remifentanil, an increase may have been 
observed. Therefore, further studies without the use of remifentanil are needed to confirm whether 0.9 mg/kg of 
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rocuronium is effective against IRI. Moreover, the concentration of MDA was measured in peripheral venous 
blood in the present study. Since MDA concentrations were previously shown to be significantly higher in venous 
blood downstream of ischemic organs than in arterial blood [22], it may have been more appropriate to measure 
MDA in femoral vein blood. However, MDA concentrations have been assessed using arterial blood [7] and 
peripheral venous blood [13, 20], and both are diluted by systemic blood; therefore, its concentration is not 
considered to significantly differ between these samples. Furthermore, if the change in the concentration of MDA 
is small, it may not be detectable in diluted blood. 

On the other hand, a significant inhibitory effect on the increase in HPX was observed in group R. HPX, an 
intermediate product of ATP metabolism, is an indicator of hypoxia [9, 10]. When the oxygen supply is sufficient 
relative to ATP consumption, ATP is regenerated from adenosine diphosphate (ADP) by mitochondrial oxidative 
phosphorylation, whereas when the oxygen supply is inadequate, ATP metabolism proceeds and plasma HPX 
increases [9, 23, 24] (Fig. 5). Therefore, intracellular ATP depletion may be indirectly measured from an increase 
in the concentration of extracellular HPX [9]. In the present study, the increase in HPX was inhibited in group R, 
which suggests that the pre-administration of rocuronium reduced intracellular ATP consumption, possibly by 
suppressing muscle contractions. 

 
 

 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Pathway for the degradation of adenosine triphosphate (ATP) to uric acid (UA) 
 
 

Dystrophin is a sarcolemmal membrane protein in skeletal and cardiac muscles that protects muscle cells from 
the mechanical stress of muscle contractions [25–28]. Ischemia results in the redistribution of dystrophin from the 
membrane to myofibrils [27], which is related to a decrease in mitochondrial ATP generation [28]. Previous studies 
demonstrated that the administration of rocuronium before ischemia inhibited the loss of dystrophin from the 
membrane [6, 7]. Collectively, these findings and the present results indicate that the administration of rocuronium 
before ischemia inhibits the ischemic redistribution of dystrophin by reducing intracellular ATP consumption. 

There are several limitations that need to be addressed. The number of patients in the present study did not 
reach the target number. Therefore, the results obtained for the primary outcome, ΔMDA after ischemia, may not 
be accurate. Furthermore, remifentanil, which inhibits lipid peroxidation [19], was used in this study and, thus, the 
effects of IRI may not have been evaluated appropriately. In addition, the concentrations of each test item in the 
present study were measured 5 minutes after reperfusion; however, since the timing of increases may have differed 
for each item, the use of 5 minutes after reperfusion for all tests may not have been appropriate. Nevertheless, the 
decrease in postoperative quadriceps muscle strength was greater in group R, suggesting that the protective effects 
of rocuronium on skeletal muscle cannot be overly relied upon. Even if rocuronium is effective for preventing IRI 
and reducing oxygen consumption, the duration of these effects may be limited. Since the duration of ischemia in 
the present study may not have been adequate to accurately evaluate these effects, further studies, such as those in 
which time periods with a limited duration of ischemia are examined, are warranted. 

In conclusion, we were unable to confirm that 0.9 mg/kg of rocuronium attenuates IRI or postoperative 
quadriceps muscle weakness. While the present results suggest that rocuronium reduced intracellular ATP 
consumption, no clinically beneficial effects were observed. 

 
ACKNOWLEDGEMENTS 

We would like to thank the doctors at the Department of Orthopaedic Surgery, Kobe University Hospital for 
their cooperation in this study. We also thank Takashi Nakamura (Sanwa Kagaku Kenkyusho) for his technical 
advice and Miho Kimura (Department of Anesthesiology, Kobe University Hospital) for her research assistance. 

This work was supported by the Japan Society for the Promotion of Science (KAKENHI; JP19K18273). 



EFFECTS OF ROCURONIUM ON ISCHEMIA 

E59 

REFERENCES 
1. Matsumoto T, Nakano N, Tsubosaka M, Muratsu H. Soft tissue balance in total knee arthroplasty: Clinical 

value of intra-operative measurement. Journal of Joint Surgery and Research. 2024;2:85–93. 
2. Dennis DA, Kittelson AJ, Yang CC, Miner TM, Kim RH, Stevens-Lapsley JE. Does tourniquet use in TKA 

affect recovery of lower extremity strength and function? A randomized trial. Clin Orthop Relat Res. 
2016;474:69–77. 

3. Pedowitz RA, Gershuni DH, Schmidt AH, Fridén J, Rydevik BL, Hargens AR. Muscle injury induced beneath 
and distal to a pneumatic tourniquet: a quantitative animal study of effects of tourniquet pressure and duration. 
J Hand Surg Am. 1991;16:610–21. 

4. Vernon DD, Witte MK. Effect of neuromuscular blockade on oxygen consumption and energy expenditure 
in sedated, mechanically ventilated children. Crit Care Med. 2000;28:1569–71. 

5. Marik PE, Kaufman D. The effects of neuromuscular paralysis on systemic and splanchnic oxygen utilization 
in mechanically ventilated patients. Chest. 1996;109:1038–42. 

6. Ledowski T, Nißler S, Wenk M, Pogatzki-Zahn EM, Segelcke D. Effects of muscle relaxants on ischaemia 
damage in skeletal muscle. Sci Rep. 2018;8:5794. 

7. Chen H, Wei JQ, Wang YW, Zhou KP, He Y, Liu H, et al. Protective effects of rocuronium bromide on 
ischemia-reperfusion injury in skeletal muscle induced by tourniquet in patients undergoing elective 
unilateral total knee arthroplasty: a prospective, double blind, randomized, controlled study. Drug Des Devel 
Ther. 2020;14:3373–84. 

8. Valenzuela A. The biological significance of malondialdehyde determination in the assessment of tissue 
oxidative stress. Life Sci. 1991;48:301–9. 

9. Harkness RA, Saugstad OD. The importance of the measurement of ATP depletion and subsequent cell 
damage with an estimate of size and nature of the market for a practicable method: a review designed for 
technology transfer. Scand J Clin Lab Invest. 1997;57:655–72. 

10. Dueland S, Myhre K, Dueland AN, Saugstad OD. Increased plasma hypoxanthine values in humans during 
exposure to simulated altitude of 7,620 meters (25,000 feet). Aviat Space Environ Med. 1991;62:1044–9. 

11. Taguchi S, Ono K, Hidaka H, Koyama Y. Effect of lung-protective ventilation-induced respiratory acidosis 
on the duration of neuromuscular blockade by rocuronium. J Anesth. 2016;30:994–8. 

12. Taguchi S, Fujimoto D, Shiga M, Obata N, Mizobuchi S. Rocuronium action can be affected by 
hyperventilation: a case report and computational simulation. J Clin Monit Comput. 2023;37:1115–8. 

13. Turan R, Yagmurdur H, Kavutcu M, Dikmen B. Propofol and tourniquet induced ischaemia reperfusion injury 
in lower extremity operations. Eur J Anaesthesiol. 2007;24:185–9. 

14. Murase T, Nampei M, Oka M, Miyachi A, Nakamura T. A highly sensitive assay of human plasma xanthine 
oxidoreductase activity using stable isotope-labeled xanthine and LC/TQMS. J Chromatogr B Analyt Technol 
Biomed Life Sci. 2016;1039:51–8. 

15. Nakamura T, Murase T, Satoh E, Hibi C, Nakayama Y, Katoh N, et al. Establishment of the process in blood 
sampling and sample handling as a biomarker of hypoxia-inducible diseases; plasma hypoxanthine and 
xanthine measurement. J Mol Biomark Diagn. 2018;9:1000404. 

16. Kanda Y. Investigation of the freely available easy-to-use software “EZR” for medical statistics. Bone 
Marrow Transplant. 2013;48:452–8. 

17. Nakamura T, Murase T, Nampei M, Morimoto N, Ashizawa N, Iwanaga T, et al. Effects of topiroxostat and 
febuxostat on urinary albumin excretion and plasma xanthine oxidoreductase activity in db/db mice. Eur J 
Pharmacol. 2016;780:224–31. 

18. Mustacich DJ, Bruno RS, Traber MG. Vitamin E. Vitam Horm. 2007;76:1–21. 
19. Shen J, Zhan Y, He Q, Deng Q, Li K, Wen S, et al. Remifentanil promotes PDIA3 expression by activating 

p38MAPK to inhibit intestinal ischemia/reperfusion-induced oxidative and endoplasmic reticulum stress. 
Front Cell Dev Biol. 2022;10:818513. 

20. Yagmurdur H, Ozcan N, Dokumaci F, Kilinc K, Yilmaz F, Basar H. Dexmedetomidine reduces the ischemia-
reperfusion injury markers during upper extremity surgery with tourniquet. J Hand Surg Am. 2008;33:941–
7. 

21. Soong CV, Young IS, Hood JM, Rowlands BJ, Trimble ER, Barros D’Sa AA. The generation of byproducts 
of lipid peroxidation following carotid endarterectomy. Eur J Vasc Endovasc Surg. 1996;12:455–8. 

22. Weigand MA, Laipple A, Plaschke K, Eckstein HH, Martin E, Bardenheuer HJ. Concentration changes of 
malondialdehyde across the cerebral vascular bed and shedding of L-selectin during carotid endarterectomy. 
Stroke. 1999;30:306–11. 

23. Yamanaka H, Kawagoe Y, Taniguchi A, Kaneko N, Kimata S, Hosoda S, et al. Accelerated purine nucleotide 
degradation by anaerobic but not by aerobic ergometer muscle exercise. Metabolism. 1992;41:364–9. 

24. Ketai LH, Simon RH, Kreit JW, Grum CM. Plasma hypoxanthine and exercise. Am Rev Respir Dis. 



S. TAGUCHI et al. 

E60 

1987;136:98–101. 
25. Hoffman EP, Knudson CM, Campbell KP, Kunkel LM. Subcellular fractionation of dystrophin to the triads 

of skeletal muscle. Nature. 1987;330:754–8. 
26. Petrof BJ, Shrager JB, Stedman HH, Kelly AM, Sweeney HL. Dystrophin protects the sarcolemma from 

stresses developed during muscle contraction. Proc Natl Acad Sci U S A. 1993;90:3710–4. 
27. Kido M, Otani H, Kyoi S, Sumida T, Fujiwara H, Okada T, et al. Ischemic preconditioning-mediated 

restoration of membrane dystrophin during reperfusion correlates with protection against contraction-induced 
myocardial injury. Am J Physiol Heart Circ Physiol. 2004;287:H81–90. 

28. Kyoi S, Otani H, Hamano A, Matsuhisa S, Akita Y, Fujiwara H, et al. Dystrophin is a possible end-target of 
ischemic preconditioning against cardiomyocyte oncosis during the early phase of reperfusion. Cardiovasc 
Res. 2006;70:354–63. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



EFFECTS OF ROCURONIUM ON ISCHEMIA 

E61 

Appendix 1. Patient demographics 
 group R (n = 19) group C (n = 18) 
Age (y) 67.9 ± 8.9 [51–79] 72.3 ± 6.7 [56–79] 
Height (cm) 154.2 ± 7.1 [143.1–166.7] 150.2 ± 5.0 [139.8–159.2] 
Weight (kg) 60.6 ± 10.0 [43.5–80] 55.5 ± 6.9 [46.5–73] 
BMI (kg/m2) 25.4 ± 3.5 [21.2–32.4] 24.8 ± 3.8 [18.4–33.0] 
Operation time (min) 80.2 ± 25.2 [35–123] 91.3 ± 29.3 [34–151] 
Tourniquet time (min) 77.1 ± 22.7 [36–117] 87.8 ± 25.7 [36–120] 
Fluid volume (mL) 718.4 ± 154.9 [400–1000] 748.3 ± 225.7 [450–1500] 
Urine output (mL) 188.7 ± 179.6 [25–635] 104.4 ± 69.0 [30–250] 
Blood loss (mL) 1.6 ± 6.9 [0–30] 8.9 ± 37.7 [0–160] 

Data are presented as means ± SD [minimum–maximum].  
BMI, body mass index; SD, standard deviation. 
 
 
Appendix 2. Comparison of drug usage 

 group R (n = 19) group C (n = 18) p value 
rocuronium (mg)   56 [48–65]    0 [0–30] <0.001 
propofol (mg)  150 [120–155]  120 [120–137.5] 0.172 
fentanyl (μg)  200 [150–225]  225 [200–250] 0.126 
remifentanil (μg) 1507 [1040–1657] 1551 [1322–1893] 0.523 
sevoflurane (mL)   21.7 [18.3–27.0]   23.1 [19.0–26.4] 0.843 
ephedrine (mg)    8 [4–14]   12 [9–19] 0.102 
phenylephrine (mg)    0 [0–0]    0 [0–0] 0.304 
atropine (mg)    0 [0–0]    0 [0–0] 0.304 
acetaminophen (mg) 1000 [1000–1000] 1000 [1000–1000] 0.645 
flurbiprofen (mg)    0 [0–0]    0 [0–0] 0.341 
sugammadex (mg)  130 [120–150]    0 [0–110] <0.001 
droperidol (mg)    1.25 [1.00–1.25]   1.25 [0.31–1.25] 0.768 
metoclopramide (mg)    0 [0–0]    0 [0–0] 0.304 
nicardipine (mg)    0 [0.0–0.7]    0 [0–0] 0.250 
dexamethasone (mg)    0 [0–0]    0 [0–0] 0.141 

Data are presented as medians [IQR]. P values were calculated using the Mann-Whitney U test. 
IQR, interquartile range. 
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Appendix 3. Results on primary and secondary outcomes of the study 
group mean ± SD 95% CI p value median [IQR] MIN MAX 
ΔMDA (μmol/L) 
R −0.46 ± 2.32 −1.58 to 0.66 0.06 −0.47 [−1.25 to 0.13] −6.15 5.53 
C −0.41 ± 2.12 NA <0.01 −0.58 [−0.67 to −0.28] −4.66 5.69 
ΔHPX (μmol/L) 
R 1.09 ± 0.70 0.75–1.43 0.18 0.94 [0.58–1.37] 0.12 2.58 
C 1.71 ± 1.09 1.17–2.25 0.50 1.70 [0.70–2.56] 0.18 4.01 
ΔLactate ion (mmol/L) 
R 0.52 ± 0.29 0.38–0.66 0.29 0.50 [0.3–0.65] 0.1 1.2 
C 0.59 ± 0.29 0.45–0.73 0.28 0.65 [0.4–0.8] 0.0 1.1 
ΔMyoglobin (ng/mL) 
R 25.3 ± 32.0 NA <0.01 12.7 [6.6–26.1] −3.2 104 
C 42.5 ± 38.5 23.4–61.6 0.08 35.7 [13.1–67.6] −2.1 140 
ΔCK (U/L) 
R −8.5 ± 9.8 −13.2 to −3.8 0.09 −8.0 [−12.0 to −5.0] −36 11 
C −4.1 ± 10.1 −9.1 to 0.9 0.73 −3.5 [−7.5 to 0.5] −28 15 
ΔAST (U/L) 
R −1.6 ± 3.9 NA <0.01 −2.0 [−4.0 to −1.0] −7 12 
C −2.8 ± 3.3 NA 0.01 −2.5 [−3.8 to −1.3] −13 3 
ΔPotassium (mEq/L) 
R 0.16 ± 0.20 0.06–0.26 0.06 0.1 [0.05–0.2] −0.1 0.6 
C 0.13 ± 0.25 0.01–0.25 0.47 0.1 [0.0–0.3] −0.3 0.7 
ΔUA (mg/dL) 
R −0.02 ± 0.09 NA 0.02 0 [−0.1 to 0] −0.2 0.1 
C −0.04 ± 0.09 NA 0.01 0 [−0.1 to 0] −0.2 0.1 

P values were calculated using the Shapiro-Wilk test.  
R, Rocuronium group (n = 19); C, control group (n = 18); SD, standard deviation; CI, confidence interval; IQR, interquartile 
range; MIN, minimum; MAX, maximum; NA, not applicable; MDA, malondialdehyde; HPX, hypoxanthine; CK, creatine 
kinase; AST, aspartate aminotransferase; UA, uric acid. 
 
 

 
 
 
 
 
Appendix 4. 
Plasma MDA concentrations before and after ischemia 
Data are presented as means with 95% confidence intervals. 
R, Rocuronium group (n = 19); C, control group (n = 18). 
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Appendix 5. Relationships between blood test results and the total rocuronium dose 
 total (n = 37) r value 
ΔMDA (μmol/L) −0.55 [−1.24 to −0.09] 0.09 
ΔHPX (μmol/L) 1.14 [0.61–2.10] −0.12 
ΔLactate ion (mmol/L) 0.6 [0.3–0.8] −0.07 
ΔMyoglobin (ng/mL) 19.2 [7.5–54.3] −0.31 
ΔCK (U/L) −6 [−12 to −2] −0.38 
ΔAST (U/L) −2 [−4 to −1] 0.19 
ΔPotassium (mEq/L) 0.1 [0.0–0.3] −0.04 
ΔUA (mg/dL) 0.0 [−0.1 to 0.0] 0.07 

Data are presented as medians [IQR]. R values were calculated using Spearman’s correlation analysis. 
MDA, malondialdehyde; HPX, hypoxanthine; CK, creatine kinase; AST, aspartate aminotransferase; UA, uric acid; IQR, 
interquartile range. 
 
 

 
 
 
 
Appendix 6. 
Relationship between the total rocuronium dose and 
increased myoglobin concentration 
 
 
 
 
 
 
 
 

 
 
Appendix 7. Results on quadriceps muscle strength and POD until discharge 

group mean ± SD 95% CI p value median [IQR] MIN MAX 
ΔQuadriceps muscle strength (N) 
R −82.3 ± 43.2 −105.3 to −59.3 0.469 −79.5 [−118 to −53] −140 14 
C −54.3 ± 47.1 −80.4 to −28.2 0.596 −55 [−89.5 to −12] −123 26 
POD until measurement 
R 15.1 ± 2.6 13.7–16.5 0.071 15 [14.8–16.3] 10 21 
C 15.6 ± 3.1 NA 0.022 16 [15–17] 10 23 
POD until discharge 
R 16.7 ± 2.5 15.4–18.0 0.102 16 [16–18] 13 23 
C 16.8 ± 2.9 15.2–18.4 0.105 17 [16–18] 11 24 

P values were calculated using the Shapiro-Wilk test. 
R, Rocuronium group (n = 16); C, control group (n = 15); SD, standard deviation; CI, confidence interval; IQR, interquartile 
range; MIN, minimum; MAX, maximum; NA, not applicable; POD, postoperative days. 
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