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Background: Total oxygen consumption has been found to be reduced under deep neuromuscular blockade due to a 
lower rate of metabolism of skeletal muscles. However, the magnitude of this effect in individual muscles has not been in-
vestigated. Thus the aim of this study was to compare the oxygenation of paralyzed versus non-paralyzed forearm muscle 
under tourniquet-provoked ischemia.
Methods: After ethics approval and written informed consent, 30 patients scheduled for elective hand and wrist surgery 
were included. Ischemia was provoked by inflation of bilateral upper arm tourniquets and muscle relaxation was achieved 
via intravenous administration of rocuronium 0.9 mg/kg. Bilateral tourniquets were applied to both upper arms before 
induction of anesthesia and near infrared spectrometry (NIRS) electrodes applied on both forearms. Muscular ischemia 
in an isolated (= non-paralyzed, NP) as well as a paralyzed forearm (P) was created by sequential inflation of both tour-
niquets before and after intravenous administration of rocuronium. Muscle oxygen saturations (SmO2) of NIRS in both 
forearms and their changes were determined and compared.
Results: Data of 30 patients (15 male, 15 female; 41.8 ± 14.7 years) were analyzed. The speed of SmO2 decrease (50% de-
crease of SmO2 from baseline (median [percentiles]: NP 210 s [180/480s] vs. P 180 [180/300]) as well as the maximum 
decrease in SmO2 (minimum SmO2 in % (median [percentiles]: NP 20 [19/24] vs. P 21 [19/28]) were not significantly af-
fected by neuromuscular paralysis.
Conclusions: No significant effect of muscle relaxation on NIRS-assessed muscle oxygenation under tourniquet-induced 
ischemia was found in human forearm muscles. (Korean J Anesthesiol 2015; 68: 13-16)
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Introduction

Neuromuscular blocking agents (NMBA) may reduce total 
oxygen consumption in intensive care patients via a reduction 
in oxidative muscle metabolism [1]. This effect could potentially 
serve as a protective mechanism during iatrogenic ischemia, 
such as surgery requiring a tourniquet for a prolonged period of 
time or in the case of free muscle flap transplantation.

However, no data exists regarding the dimension of this ef-
fect in individual muscle groups. Hence it was aim of this study 
to investigate the speed as well as the depth of muscle deoxygen-
ation in paralyzed versus non-paralyzed muscle during tourni-
quet-induced ischemia.

Meterials and Methods 

After approval by the Konkuk University Hospital Institu-
tional Review Board (KUH1160059) on August 2013, registra-
tion with the Korean Trials Registry (KCT0001083) and written 
informed consent, 30 patients scheduled for elective hand and 
wrist surgery under general anesthesia were included in the 
study. Exclusion criteria included minors, patients’ incapacity to 
consent, increased risk for thrombo-embolic events, co-morbid-
ities or medication known or suspected to interact with the trial 
monitoring and allergic reactions to rocuronium. Prior to anaes-
thesia induction, 2 tourniquets were applied to both upper arms 
but not inflated. After induction of anesthesia with propofol 2–3 

mg/kg and remifentanil 0.25–0.5 μg/kg/min via an intravenous 
cannula inserted into the foot, patients were tracheally intubated 
and anesthesia was maintained with remifentanil 0.1–0.2 μg/
kg/min and sevoflurane 0.8–1.3 MAC, as appropriate. On both 
forearms, a near infrared spectrometry (NIRS) electrode was 
bilaterally applied to the skin above the extensor digitorum 
muscle and connected via the two entry connections to the 
NIRS monitor (Invos; Covidien, Dublin, Ireland) to assess the 
oxygen saturation of the muscle (SmO2) and surrounding tissues 
every 30 seconds. Thereafter, the first tourniquet was inflated 
to 300 mmHg and a stopwatch started to record the duration of 
ischemia. Then rocuronium 0.9 mg/kg was administered. After 
confirmation of full neuromuscular paralysis via quantitative re-
laxometry, but within 5 minutes from first tourniquet inflation, 
the second tourniquet was inflated and the duration of ischemia 
monitored. By this means an isolated (non-paralyzed; NP) fore-
arm was created while the other forearm was deeply paralyzed 
(P). Via the timing of ischemia duration and NIRS monitoring 
we assessed the time to a 50% decrease of SmO2 (from baseline) 
and to the lowest SmO2, as well as the lowest values for SmO2 (% 
from baseline and absolute) on both forearms (setup, see Fig. 1). 
The “lowest SmO2” was defined by the minimum value for SmO2 
that remained unchanged for at least 10 minutes. 

Statistics

As no related data exists, the study was planned as a pilot 
project without a formal sample size calculation. At completion 
of data collection, all data were tested for normal distribution 
(Kolmogorov-Smirnov test) and are displayed as either mean ± 
standard variation (SD) or median (25%/75% percentile), as ap-
propriate. For comparison of the primary outcome parameters 
between both arms the Wilcoxon rank sum test was used.

Results

Data of 30 patients (15 male, 15 female; 41.8 ± 14.7 years; 
BMI 24.4 ± 2.9) were analyzed. However, neither the speed nor 
the depth of SmO2 decrease was significantly different between 
the paralyzed and the non-paralyzed arm (Table 1). 

NIRS monitor

Fig. 1. The Near infrared spectrometry (NIRS) electrode was applied to 
the skin above the extensor digitorum muscle.

Table 1. Comparison of the Muscular Oxygenation (SmO2) between the Paralyzed and the Non-paralyzed Forearm under Tourniquet-induced 
Ischemia

Parameter Paralysed forearm Non-paralysed forearm P

Time of SmO2 decrease to 50% from baseline (s)
Time of SmO2 to minimum absolute value (s)
Minimum SmO2 value (% from baseline) (%)
Minimum SmO2 value (absolute value) (%)

180 (180/300)
480 (270/1575)

21 (19/28)
15 (15/15)

210 (180/480)
630 (270/2497)

20 (19/24)
15 (15/15)

0.454
0.449
0.160
0.953

Data are displayed as median (25%/75% percentiles). 
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Discussion

We did not find any significant difference in muscle oxygen-
ation under tourniquet- induced ischemia when comparing 
paralyzed and non-paralyzed forearms of patients. Thus our 
results on first sight contradict earlier findings of a significant 
reduction in oxygen consumption after neuromuscular paralysis 
in intensive care patients [1]. However, even in their study, the 
observed difference in oxygen consumption before and after 
muscle relaxation was relatively small: 8.7 ± 1.7%. As in this 
previous study all skeletal muscles of one patient were either 
paralyzed or non-paralyzed, the contribution of a single muscle 
group (i.e. forearm muscles as in our study) has likely been 
much smaller and probably below the threshold of detection. 
Though the oxygen-sparing effect of neuromuscular paralysis 
may be low, the effect has consistently been described by several 
authors [1-3]. In contrast, Freebaim et al. [4] did not find any 
change of total oxygen consumption or gastric intra-mucosal 
pH after muscle relaxation when investigating 18 patients with 
severe septic shock. Whether the pathophysiology of sepsis con-
tributed to these contradictory findings remains speculative but 
may have played a role.

However, even small effects of muscle relaxation on oxygen 
consumption could become important in the context of tempo-
rary ischemia, such as during surgery with a tourniquet or in 
free muscle flap transplants. In the latter, a clear effect of isch-
emic time on flap survival has been demonstrated [5]. Small 
decreases in muscular oxygen consumption and therefore the 
preservation of viable oxygen saturation levels for a prolonged 
period of time could thus at least hypothetically increase the 
odds for muscle flap survival. However, with the method used 
by us we failed to demonstrate a marked effect of muscle relax-
ation on muscle oxygenation under ischemia. It is beyond the 
scope of our limited experiment to conclude about the reasons 
for the contradictory results. However, some may be found in 
the limitations of our study, with the most obvious limitation 
being the relatively small sample size. Especially in the light of 
the expected differences being small, 30 patients may have been 
an insufficient sample to demonstrate the anticipated effect. In 
addition were tourniquets not inflated fully simultaneously but 

within approx. 5 minutes from each other due to the need to 
administer rocuronium after inflation of the first tourniquet. 
However, with anesthesia at steady state (i.e. hemoglobin, in-
spired O2 fraction, ventilator settings, sevoflurane and remifen-
tanil concentrations) an effect on the reported results appears 
unlikely. Furthermore is the method of NIRS monitoring con-
troversially discussed. Crenshaw et al. [6] reported the reliability 
of NIRS measured muscle oxygenation to not only vary greatly 
between investigated upper extremity muscles but to be also sig-
nificantly influenced by factors such as ischemia or hyperemia. 
Furthermore were baseline values of SmO2 frequently different 
between the two arms of individual patients. Though it is un-
clear whether this could have affected the percentage change of 
NIRS values in the time course of ischemia, this cannot be fully 
excluded. The latter certainly questions NIRS monitoring as 
the method of choice in our study. However, we were unable to 
identify a suitable alternative with similar benefits to NIRS (i.e. 
non-invasiveness; simultaneous assessment of oxygenation of 
two muscles [both forearms] via two channels of one monitor). 
In addition did other authors find NIRS to be both sensitive and 
specific to measure oxygenation levels in single compartments 
of the forearm [7].

We conclude that, though an oxygen sparing effect of muscle 
relaxation has previously been demonstrated, we failed to find 
differences in NIRS measured oxygenation comparing paralyzed 
vs. non-paralyzed muscles under tourniquet-induced ischemia 
of the forearm. As a protective effect of muscle relaxation under 
such conditions is at least plausible and may be clinically rel-
evant, further research of the topic is warranted. 
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