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Sedation in the operating room, the postanesthesia care 
unit, and the intensive care unit is common and often nec-

essary for patients with intracranial brain tumors. Repeated 
neurologic function assessments are needed, especially in 
patients with tumors in or near eloquent regions. This is to 
monitor neurologic performance to determine if there are 
alterations that require treatment.1 Some slowly infiltrative 
low-grade gliomas near eloquent regions do not show any 
clinically detectable neurologic deficits, perhaps from neuro-
nal reorganization.2,3 However, with sedation by some γ-am-
inobutyric acid–mediated (GABAergic) sedatives neurologic 
deficits may manifest or worsen,4 resulting in delayed surgery 
or altered clinical care while further assessments are carried 
out. This may be especially problematic in patients undergo-
ing awake craniotomy for tumors in eloquent regions.5

In our previous study, we found that midazolam seda-
tion profoundly exacerbates or unmasks motor deficits in 
patients with supratentorial mass lesions. These deficits pri-
marily involved limb motor function or ataxia as assessed 
using the National Institutes of Health Stroke Scale6; how-
ever, neither the mechanism nor the reversibility of effects 
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Background: Midazolam has been found to exacerbate or unmask limb 
motor dysfunction in patients with brain tumors. This study aimed to deter-
mine whether the exacerbated upper limb motor-sensory deficits are medi-
ated through benzodiazepine sites by demonstrating reversibility by flumazenil 
in patients with gliomas in eloquent areas.

Methods: This was an interventional, parallel assignment, nonrandom-
ized trial. Study subjects were admitted in the operating room. Patients with 
supratentorial eloquent area gliomas and volunteers of similar age without 
neurologic disease were sedated with midazolam, but still responsive and 
cooperative. Motor and sensory functions for upper extremities were evalu-
ated by the Nine-Hole Peg Test before and after midazolam, as well as after 
flumazenil reversal.

results: Thirty-two cases were included: 15 in the glioma group and 17 in 
the control group. The total dose of midazolam and flumazenil were compa-
rable between the groups. In the glioma group, the times to task completion 
after midazolam in the contralateral hand (P = 0.001) and ipsilateral hand 
(P  =  0.002) were 26.5 (95% CI, 11.3 to 41.7) and 13.7 (95% CI, 5.0 to 
22.4) seconds slower than baseline, respectively. After flumazenil reversal, 
the contralateral hand (P = 0.99) and ipsilateral hand (P = 0.187) performed 
1.2 (95% CI, −3.3 to 5.8) and 1.5 (95% CI, −0.5 to 3.5) seconds slower than 
baseline, respectively. In the control group, the dominant (P < 0.001) and 
nondominant hand (P = 0.006) were 2.9 (95% CI, 1.4 to 4.3) and 1.7 (95% 
CI, 0.5 to 2.9) seconds slower than baseline, respectively. After flumazenil, 
the dominant hand (P = 0.99) and nondominant hand (P = 0.019) performed 
0.2 (95% CI, −0.7 to 1.0) and 1.3 (95% CI, −0.2 to 2.4) seconds faster than 
baseline, respectively.

conclusions: In patients with eloquent area gliomas, mild sedation with 
midazolam induced motor coordination deficits in upper limbs. This deficit 
was almost completely reversed by the benzodiazepine antagonist flumazenil, 
suggesting that this is a reversible abnormality linked to occupation of the 
receptor by midazolam.
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• Sedation is known to unmask focal neurologic deficits in patients 
with supratentorial brain tumors but the mechanism is unclear

What This Article Tells us That Is New

• When induced with midazolam, these deficits can be reversed by 
flumazenil, suggesting a γ-aminobutyric acid–mediated mechanism
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were investigated. The aim of the current study was to (1) 
more precisely document the worsening of motor coordi-
nation induced by midazolam; (2) determine whether the 
neuronal deficits are mediated specifically through benzodi-
azepine sites by demonstrating reversibility with flumazenil; 
and (3) investigate how specific patient populations with 
gliomas in eloquent area react to mild midazolam sedation. 
We hypothesized that mild sedation by midazolam can 
unmask or exacerbate upper limb motor incoordination in 
patients with eloquent area gliomas but not in nonneuro-
surgical patients, and that the neurologic deficits induced 
by midazolam can be reversed by the antagonist flumazenil.

Materials and Methods
This was an interventional, parallel assignment, non-
randomized trial and was approved by the Institutional 
Review Board of Beijing Tiantan Hospital, Capital Medical 
University (approval number: KY2014-040-03). This study 
was registered in ClinicalTrials.gov (registration number: 
NCT02439164).

Elective neurosurgery patients with supratentorial (fron-
totemporal–parietal) eloquent area gliomas diagnosed by 
magnetic resonance imaging were eligible for this study. All 
subjects provided written informed consent before participat-
ing in the study. The inclusion criteria were age between 18 
and 60 with American Society of Anesthesiology status I and 
II. The control group included volunteers of the same age, but 
without neurologic diseases. Exclusion was based on screen-
ing the hospital record. Patients excluded: (1) were unable to 
comprehend and cooperate with the neurologic examination; 
(2) had impaired mental status or took sedative drugs by any 
route in the past 24 h; (3) received any type of pain reliever in 
the past 24 h; (4) had a history of drug and/or alcohol abuse; 
(5) currently pregnant and/or lactating; (6) had a history of 
recurrent glioma or multiple gliomas; (7) currently undergo-
ing radiotherapy or chemotherapy; and (8) had complications 
such as intracranial trauma, vascular diseases, grand mal epi-
lepsy, neuromuscular diseases, and cutaneous paresthesia.

Demographic characteristics, clinical manifestations, and 
past history were obtained before the study. On the day of 
study, subjects were admitted into the operating room in the 
supine position with the head up at 60 degrees. Nasal cannula 
was used for providing oxygen. Vital signs including blood 

pressure, heart rate, and pulse oximetry (Spo
2
) were moni-

tored and recorded during the study. Observer Assessment of 
Alertness and Sedation was evaluated and recorded before and 
after drug administration. Observer Assessment of Alertness 
and Sedation is scored from 1 to 5, indicating deep unre-
sponsive sleep to fully alert (5  equals  alert, 4  equals  lethar-
gic, 3 equals aroused by voice, 2 equals aroused by shaking, 
1  equals  unresponsive). The Nine-Hole Peg Test (Rolyan 
A851-5, United Kingdom) was used to evaluate motor func-
tion in each hand after midazolam sedation and flumazenil 
reversal. After obtaining the baseline vital signs and the Nine-
Hole Peg Test data, a small dose of midazolam (0.02 mg/kg as 
initial dose), was given intravenously with the aim to get an 
Observer Assessment of Alertness and Sedation score of 4, i.e., 
sedated, but arousable and fully cooperative. If the sedation 
level was not achieved, additional doses of 0.01 mg/kg were 
given, waiting 3 to 5 min to allow peak effect to be reached. 
After Observer Assessment of Alertness and Sedation score of 
4 was reached, the Nine-Hole Peg Test was repeated. After the 
evaluation, the specific benzodiazepine receptor antagonist, 4 
μg/kg flumazenil, was given intravenously to reverse midazol-
am’s sedation as assessed by achieving Observer Assessment of 
Alertness and Sedation score of 5. Thereafter, the Nine-Hole 
Peg Test was repeated to test motor function (fig. 1). Any other 
drugs used, e.g., atropine for bradycardia, were also recorded. 
Detailed descriptions of the lesion on magnetic resonance 
imaging were obtained. The lesions’ pathologic diagnosis was 
obtained 2 weeks after the tumor removal.

The interventions were stopped if any of the following 
occurred: systolic blood pressure less than 90 mmHg or more 
than 180 mmHg after administration of the drugs; heart rate 
less than 50 beats/min after 0.5 mg atropine; Spo2

 less than 
90%; Observer Assessment of Alertness and Sedation score 
equal to or less than 3, indicating oversedation; or occurrence 
of any drug-related side effect, such as respiratory depression, 
unstable hemodynamic, or agitation, among others.

The Nine-Hole Peg Test7 was used for upper extremity 
evaluation in this study. It tests motor coordination, eye–hand 
coordination and the ability to follow simple directions, and it 
requires brain sensorimotor integration. The testing board is a 
square board with nine holes that are spaced 1.25 inches apart 
in a 3×3 array. Each hole is 0.5 inches deep and each peg is 
1.25 inches long and 0.25 inches in diameter. The pegboard 

Fig. 1. The study flow diagram. “Task” indicates the Nine-hole Peg Test. The level of sedation was assessed by Observer Assessment of 
Alertness/Sedation (OAA/S) score = 4 during the sedation phase and OAA/S score = 5 at baseline and reversal.
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was centered in front of the subject with the container hold-
ing the pegs placed at the hand being tested. Instruction was 
provided while the demonstration was given. Subjects were 
instructed to pick up the pegs one at a time using the testing 
hand and put them into the holes in any order as quickly as 
they could, until all holes were filled and then remove the 
pegs one at a time and return them to the container at the 
full speed. The nontested hand was used to stabilize the peg 
board. After the subjects performed the two practice trials, 
they performed the actual test. The outcome measure was the 
length of time from the first peg subject touched to the last 
peg placed in the container. The ipsilateral hand was tested 
first in the glioma patient group and the dominant hand was 
tested first in the control group. After testing the ipsilateral 
limb, the container was placed on the opposite side of the 
pegboard, and testing repeated with the contralateral hand in 
the glioma group and with nondominant hand in the control 
group. Time was recorded in seconds with a stopwatch by 
the same nurse during the whole study period. Neither the 
patients nor the doctors performing the study were informed 
of the times taken until the trial was completed. This test was 
performed before the administration of midazolam at baseline, 
after midazolam administration, and after flumazenil adminis-
tration in each patient. Patients were allowed to wear correc-
tive lenses. Motor arm function was concurrently evaluated 
before and after interventions using the four levels in the stan-
dard National Institutes of Health Stroke Scale8: 0 equals no 
drift; 1 equals drift; 2 equals against gravity; 3 equals no effort 
against gravity; 4 equals no movement when the patient was 
asked to hold the upper limb horizontally for 10 s. Due to the 
nature of the interventions, the study was nonblinded.

The primary outcomes were the changes in task per-
formance time after midazolam sedation and flumazenil 
reversal, as compared to the normal control group. The 
secondary outcomes were the differences in performance 
time among baseline, midazolam sedation, and flumazenil 
reversal, as well as the differences in time changes between 
low-grade glioma and high-grade glioma.

Sample Size Justification

Based on a previous study,7 the length of the Nine-hole 
Peg Test performance in patient and control groups after 
sedation was 49 s (13.11) and 31.2 s (7.4) , respectively, with 
a two-sided alpha level of 0.05. The minimum number of 
cases was 15 per group to achieve 99% power to detect 
a possible statistical difference between the two groups. 
Allowing for a 20% rate of drop-out, we increased the 
case number to 18 for each group, as 1:1 assignment in the 
glioma group and the control group. We aimed to enroll 
at least 36 subjects in total. Sample size was calculated by 
PASS11.0.2 (NCSS Statistical Software, USA).

Statistical Analysis

Shapiro–Wilk test was used for evaluating the normality 
of continuous variables. The normally distributed data was 

described as mean ± SD, the nonnormally distributed data 
is presented as median [interquartile range]. For categori-
cal variables, numbers or percentage are described, and the 
chi-square or Fisher exact test was used to evaluate the dif-
ferences between groups. Two-way repeated ANOVA was 
used to test the interaction effect of hands and Nine-hole 
Peg Test time points (baseline, sedation, reversal). To analyze 
the time to completion of the Nine-hole Peg Test before 
and after drug administration, a general linear model for 
repeated measures ANOVA was used. Kruskal–Wallis test 
was used to analyze the performance difference among 
handedness and education levels. Spearman correlation was 
used to test the correlation between hand dominance and 
task completion length. Paired t test was used to compare 
the performance between dominant and nondominant 
hands. The statistical tests were two-tailed and significance 
was defined as P < 0.05. Analyses were conducted using 
SPSS, version 17.0 (USA).

results
Thirty-six eligible cases were included in the study. One 
patient in the control group was excluded because he 
reported a history of carotid disease after the task testing. 
In the glioma group, two patients were excluded because 
one  had metastases and one tumor was diagnosed as  a 
meningioma. Fifteen in the glioma group and 17 in the 
control group completed the study and were included in 
the analysis. There are no missing subjects and/or data.

Demographics and Characteristics

Patients’ characteristics are shown in table 1. The age of the 
glioma patients was 46 (9) yr old, and 35 (7) yr old in the con-
trol group (P < 0.001). Hemodynamic parameters were com-
parable between the two groups during the whole procedure. 
Spo

2
 was above 96% in all patients through the study. The total 

titrated doses of midazolam and flumazenil were comparable 
between the groups. The pathologic diagnosis of gliomas with 
World Health Organization grade and the type of surgery in 
the control cases are also shown in table 1. Forty percent of 
patients (6 of 15) in the  glioma group had low-grade glioma 
and 60% (9 of 15) had high-grade glioma. Three patients had 
history of epilepsy, with two on sodium valproate and one on 
oxcarbazepine as antiepileptic treatments.

The size of the tumor in the glioma patients was 52.0 
(12.4) mm. Tumors involved one or multiple areas in the 
frontoparietal–temporal region, including primary motor 
cortex (n = 7), supplemental motor area (n = 5), somatosen-
sory cortex (n = 3), Broca area (n = 3), insular lobe (n = 6), 
internal capsule (n = 3), corpus callosum (n = 3), cingulate 
gyrus (n  =  3), basal ganglion (n  =  2), and occipital lobe 
(n = 1; tumor was primarily in M1 and corpus callosum, and 
extended partly to occipital area). There were 9 cases that 
had midline shift, 13 cases presented peritumoral edema. No 
case experienced intracranial or parenchymal hemorrhage.
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Task Performance Changes after Midazolam Sedation 
and Flumazenil Reversal

One patient with a low-grade glioma experienced contra-
lateral motor arm function that worsened from normal to 
drift after sedation; other patients did not have motor arm 
function deterioration. None of the patients experienced 
seizures induced by flumazenil. Four types of hands were 
defined in this study: contralateral hand in the glioma group; 
ipsilateral hand in the glioma group; nondominant hand in 
the control group; and dominant hand in the control group. 

There was a statistically significant interaction between 
the effects of hand type and testing time point (baseline, 
midazolam sedation, flumazenil reversal) based on two-way 
repeated ANOVA, F(1.8, 25.4) = 13.696, P < 0.001. There 
was a statistically significant simple main effect of testing 
time point, F(1.1, 15.4)  =  37.653, P < 0.001; as well as 
simple main effect of hand-type, F(1.2, 17.4) = 10.892, P < 
0.001. Both interaction and simple main effects had violated 
sphericity and were corrected using Greenhouse–Geisser.

The subsequent post hoc test with Bonferroni adjustment 
showed statistical difference of task completion time among 
testing time points for all type of hands (table 2). For gli-
oma patients, compared to baseline, the task completion 
time in the contralateral hand was 26.5 s (95% CI, 11.3 to 
41.7) slower after midazolam sedation (P = 0.001) and only 
1.2 s (95% CI, −3.3 to 5.8) slower after flumazenil reversal 
(P = 0.99). The performance in the sedation phase was 25.3 s 
(95% CI, 11.5 to 39.0) slower than in the flumazenil phase 
(P =  0.001). The performance of the ipsilateral hand was 
13.7 s (95% CI, 5.0 to 22.4) slower after sedation (P = 0.002) 
and 1.5 s (95% CI, −0.5 to 3.5) slower after flumazenil 
(P = 0.187) than at baseline; in the sedation phase it was 
12.2 s (95% CI, 4.7 to 19.8) slower than in the flumazenil 
phase (P = 0.002). In the control group, the task completion 
time in the dominant hand was 2.9 s (95% CI, 1.4 to 4.3) 
slower after sedation (P < 0.001) and 0.2 s (95% CI, −0.7 to 
1.0) faster after flumazenil (P = 0.99) than at baseline; in the 
sedation phase it was 3.1 s (95% CI, 1.7 to 4.4) slower than 
in the flumazenil phase (P < 0.001). For the nondominant 
hand in the control group, the performance was 1.7 s (95% 
CI, 0.5 to 2.9) slower after sedation (P = 0.006) and 1.3 s 
(95% CI, −0.2 to 2.4) faster after flumazenil (P = 0.019) 
than at baseline; in the sedation phase it was 3.0 s (95% CI, 
2.2 to 3.9) slower than in the flumazenil phase (P < 0.001).

There were statistical differences in task completion time 
among four types of hand (contralateral and ipsilateral hands 
in the glioma group, dominant and nondominant hands in the 
control group) for baseline (F = 3.771; P = 0.015), midazolam 
sedation phase (F = 12.134; P < 0.001), and flumazenil reversal 
phase (F = 5.043; P = 0.004). Post hoc tests using the Bonferroni 
correction revealed that differences existed between contralat-
eral and dominant hands at baseline (P = 0.011). After seda-
tion, the contralateral hand was slower, in terms of statistical 
significance, than the dominant hand (P < 0.001), nondom-
inant hands (P < 0.001), and ipsilateral hand (P = 0.031); the 
ipsilateral hand was slower in the control group, although not 
statistically different; and after flumazenil reversal, the contra-
lateral hand remained slower than the dominant (P = 0.004) 
and nondominant (P = 0.018) hands (fig. 2). The results of 
pairwise comparisons were shown in table 3.

Effects of Hand Dominance on Task Performance

In the control group, the dominant and nondominant hands 
were statistically different at baseline (paired t [16] = 4.401; 
P < 0.001), midazolam sedation (paired t [16]  =  2.998; 

table 1. Demographics and Characteristics

Glioma  
Group  

(n = 15)

control  
Group  

(n = 17) P value

Age, yr 46 ± 9 35 ± 7 < 0.001*
Sex, male (n) 7 7 0.517
Height, cm 166.3 ± 8.1 168.8 ± 6.7 0.348
Weight, kg 64.9 ± 14.0 71.0 [56.0, 84.5] 0.205
Midazolam, mg 1.7 [1.2, 2.0] 1.4 [1.15, 1.7] 0.296
Flumazenil, mg 0.3 ± 0.1 0.3 [0.24, 0.34] 0.555
MAP, mmHg    
 Baseline 96.5 ± 13.5 95.7 ± 14.7 0.881
 Sedation 96.2 ± 9.5 91.2 ± 12.2 0.296
 Reversal 95.4 ± 13.6 88.2 ± 14.1 0.660
HR, bpm    
 Baseline 78.1 ± 15.6 79.0 ± 9.1 0.835
 Sedation 84.3 ± 14.3 79.0 ± 9.4 0.359
 Reversal 81.5 ± 17.7 71.5 ± 8.9 0.042*
Education, N   0.05
 Primary school 2 3  
 Middle school 2 2  
 High school 8 2  
 College 3 10  
Smoking, N   0.603
 Nonsmoking 14 14  
 Regular 1 3  
Type of glioma/surgery, N    
 Glioma group    
  Oligodendroglioma 1 (lGG)   
  Oligoastrocytoma 1 (lGG)   
  Astrocytoma 4 (lGG)   
  Anaplastic oligoastrocytoma 1 (HGG)   
  Anaplastic astrocytoma 1 (HGG)   
  Glioblastoma 7 (HGG)   
 Control group    
  Cholecystectomy surgery  2  
  ureteric surgery  1  
  Anal fistula surgery  2  
  Thyroid surgery  5  
  Spleen surgery  1  
  Breast surgery  2  
  Gynecological surgery  4  

Mann–Whitney u, chi-square, fisher exact, or t test was used to compare the dif-
ference between the glioma and control group. Normally distributed data are pre-
sented as mean ± SD and non-normally distributed data are presented as median 
[IQR]. Grade of malignancy is classified based on World Health Organization glioma 
grade: grade 1 to 2 indicates low-grade glioma and grade 3 to 4 indicates high-
grade glioma.
*P < 0.05 indicates statistical significance.
HGG, high-grade glioma; HR, heart rate; IQR, interquartile range; lGG, low-grade 
glioma; MAP, mean arterial pressure; N, number of case. 
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P = 0.009), and flumazenil reversal (paired t [16] = 5.375;  
P < 0.001). In the glioma group, the contralateral hand can be 
either the dominant (N = 9) or nondominant hand (N = 6), 
as well as for the ipsilateral hands. In all contralateral limbs 
in the glioma group, hand dominance and task completion 
length had a weak correlation that was not statistically sig-
nificant (baseline: correlation coefficient = 0.079, P = 0.780; 

midazolam: correlation coefficient  =  0.126, P  =  0.654; 
flumazenil: correlation coefficient = 0.126, P = 0.655), and 
similar correlation was observed in ipsilateral limbs (baseline: 
correlation coefficient  =  −0.315, P  =  0.253; midazolam: 
correlation coefficient = −0.473, P = 0.075; flumazenil: cor-
relation coefficient = −0.284, P = 0.305).

Effect of Education level on Task Performance

The performance in each type of hand did not show a sta-
tistically significant difference among education levels (pri-
mary, middle school, high school, and college), based on 
Kruskal–Wallis test. For the dominant hands in the control 
group, the time to complete the test was same in each period, 
regardless of education (baseline: P  =  0.885; midazolam: 
P = 0.686, flumazenil: P = 0.570), as well as for the non-
dominant hands (baseline: P = 0.816; midazolam: P = 0.706, 
flumazenil: P = 0.710). Patients with four education levels in 
the glioma group were also comparable for both contralat-
eral (baseline: P = 0.146; midazolam: P = 0.347, flumazenil: 
P = 0.643) and ipsilateral (baseline: P = 0.990; midazolam: 
P = 0.753, flumazenil: P = 0.725) hands.

Effect of Glioma Grade on Task Performance

In the glioma group, patients were further divided into low-
grade glioma and high-grade glioma indicating less malig-
nant and more malignant glioma, respectively. Hence, six 
hand conditions were generated: low-grade glioma–ipsilat-
eral hand, low-grade glioma–contralateral hand, high-grade 
glioma–ipsilateral hand, high-grade glioma–contralateral 

table 2. Time to Complete Nine-hole Peg Test in the Glioma and Control Groups

time to complete nine-hole Peg test (s) repeated anova

 Baseline Midazolam Sedation Flumazenil reversal F P value

Glioma (N = 15)      
 Contralateral hand    22.435† < 0.001*
  Median [IQR] 24.3 [18.7–30.0] 50.7 [30.6–68.6] 24.0 [19.3–31.8]   
  Min-max 12.0–79.5 15.6–120.0 13.8–71.6   
  95% CI 19.0 to 30.0 30.6 to 68.6 19.3 to 31.8   
 Ipsilateral hand    18.414§ 0.001*
  Median [IQR] 20.5 [16.7–24.5] 28.9 [25.0–41.9] 20.9 [19.6–24.3]   
  Min-max 12.9–42.9 18.8–82.5 16.4–49.1   
  95% CI 16.7 to 24.5 25.0 to 41.9 19.6 to 24.3   
Control (N = 17)      
 Dominant hand    28.091 < 0.001*
  Mean ± SD 17.8 ± 2.6 20.6 ± 3.8 17.6 ± 2.6   
  Min-max 12.6–22.8 15.1–31.0 13.5–23.5   
  95% CI 16.0–18.9 18.4–22.7 16.1–19.1   
 Nondominant hand    28.099 < 0.001*
  Mean ± SD 20.4 ± 3.2 22.1 ± 2.9 19.1 ± 3.0   
  Min-max 15.3–26.0 17.8–28.0 13.7–24.2   
  95% CI 18.5–22.2 20.4–23.7 17.3–20.7   

Adjustment for multiple comparisons: Bonferroni. Shapiro-Wilk was used for normality assumption.
*P < 0.05 indicates statistical significance. †Mauchly Test of Sphericity was violated; Greenhouse–Geisser was used as the correction.
IQR, interquartile range; Min-max, minimum and maximum value.

Fig. 2. The Nine-hole Peg Test completion time  (in seconds) 
in the phase of baseline, midazolam sedation, and flumazenil 
reversal. Midazolam sedation reached the Observer Assessment 
of Alertness/Sedation (OAA/S) score = 4, and flumazenil reversal 
was at OAA/S score = 5. *P < 0.05 in Bonferroni correction indi-
cated statistical significance.
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hand, control-dominant hand, control-nondominant 
hand. There was a statistically significant interaction between 
the effects of hand condition and testing time point for 
task completion time based on two-way repeated ANOVA 
(F[1.8, 8.9] = 9.967; P = 0.006; the interaction effect vio-
lated sphericity and was corrected using Greenhouse–
Geisser). There was a statistically significant simple main 
effect of hand condition (F[5, 25]  =  6.144; P  =  0.001), 
as well as a simple main effect of testing time point (F[2, 
10]=38.291; P < 0.001) (fig. 3). After midazolam sedation, 
patients with high-grade glioma performed 38.6 s (95% CI, 

8.1 to 69.1) more slowly than those with low-grade glioma 
(t[13]=2.732; P = 0.017). Even after flumazenil reversal, the 
performance in patients with high-grade glioma was still 
35.6 s (95% CI, 8.7 to 62.6) slower than with low-grade 
glioma (t[16]=2.809; P = 0.013).

discussion
The main findings of this study are consistent with our 
hypothesis that patients with supratentorial eloquent area 
gliomas had temporary midazolam-induced upper limb 

table 3. Pairwise Comparisons between Type of Hands at Different Testing Phase (Baseline, Midazolam Sedation, and Flumazenil 
Reversal)

task completion time difference 
between Hands

Baseline Midazolam Flumazenil

Mean, s (95% ci) P value Mean, s (95% ci) P value Mean, s (95% ci) P value

Contralateral–Ipsilateral 6.1 (−2.6 to 14.7) 0.363 18.8 (1.1 to 36.6) 0.031* 5.8 (−3.2 to 14.8) 0.511
Contralateral–Dominant 10.1 (1.7 to 18.5) 0.011* 33.7 (16.5 to 50.8) < 0.001* 11.5 (2.7 to 20.2) 0.004*
Contralateral–Nondominant 7.4 (−1.0 to 15.8) 0.116 32.2 (15.0 to 49.3) < 0.001* 9.9 (1.2 to 18.7) 0.018*
Ipsilateral–Dominant 4.0 (−4.4 to 12.4) 1.000 14.8 (−2.3 to 32.0) 0.131 5.7 (−3.1 to 14.4) 0.495
Ipsilateral–Nondominant 1.3 (−7.1 to 9.7) 1.000 13.4 (−3.8 to 30.5) 0.228 4.1 (−4.6 to 12.9) 1.000
Nondominant–Dominant 2.7 (−5.5 to 10.8) 1.000 1.5 (−15.2 to 18.1) 1.000 1.5 (−7.0 to 10.0) 1.000

Adjustment for multiple comparisons: Bonferroni.
*P < 0.05 indicates statistical significance. 

Fig. 3. The Nine-hole Peg Test performing time (in seconds) for six types of hands in different phases. Grade of malignancy is classified 
based on World Health Organization glioma grade; grade 1 or 2 indicates low-grade glioma and grade 3 or 4 indicates high-grade glioma. 
lGG, low-grade glioma; HGG, high-grade glioma. 
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motor coordination deficits and these were reversed by the 
specific antagonist flumazenil. Further, neurologic deficits 
were unmasked in both contralateral and ipsilateral hands, 
and patients with high-grade gliomas were more greatly 
affected than those with low-grade gliomas.

We targeted patients who had a pathologic diagnosis of 
glioma. These tumors diffusely infiltrate brain and damage 
the functional structure that may be compensated by dynamic 
circuit reorganization. Brain compensation for neurologic 
dysfunction makes clinical symptoms appear less severe than 
the patient’s matching imaging would suggest for the loca-
tion.2 The patients may thus experience functional recovery 
following damage.2,9 Large numbers of patients with gliomas 
in eloquent area do not show obvious sensory or motor defi-
cits based on motor-scale evaluation, but the patients may 
note and complain of fine motor dysfunction. These deficits 
involve motor–sensory function that—to some extent—re-
flect brain connection integration in the cortical and subcor-
tical structures. Therefore, we selected those who had cortical 
and/or subcortical eloquent area gliomas to observe potential 
motor–sensory function compensation that we believe may 
be most susceptible to disruption by medications.

In our previous investigation, we found motor function 
and limb ataxia were the most affected.6 In order to more 
accurately detect and quantify this deficit, the Nine-hole 
Peg Test has good reliability for testing upper limb dexter-
ity, motor coordination, and hand–eye coordination, as well 
as patient ability to follow simple directions.7,10 It therefore 
goes beyond assessing a single neurologic function confined 
to the tumor and its surroundings, but also assesses multi-
ple functions reflecting the network connections between 
cortical and subcortical regions. The Nine-hole Peg Test has 
also been successfully used to detect GABAergic re-induced 
neurologic deficits in stroke patients.7 Quantification of hand 
performance using the Nine-hole Peg Test task revealed 
obvious fine motor dysfunction while the five-scale motor 
clinical assessment showed no change in the same patient. 
This indicated that the network disturbance is more widely 
spread, especially with our evidence that both contralateral 
and ipsilateral limbs were affected during sedation.

We speculated in our previous investigation that mild 
sedation–induced focal neurologic function worsening in 
patients with supratentorial intracranial lesions was likely 
transient and would return to baseline once the medications 
were no longer present on relevant receptors.6 The sedative 
we used in this study is a specific benzodiazepine agonist: 
midazolam. It is a GABAergic agent that we previously 
found to most impair neurologic function, compared with 
other agents that have other pharmacologic mechanisms.6 
The benzodiazepine-specific antagonist flumazenil reversed 
the midazolam-induced deterioration in motor coordina-
tion, as evidenced by our findings that the task performance 
returned to baseline after flumazenil. This confirms that the 
induced neurologic functional deficits were transient and 
related to the specific GABAergic receptors.

The mechanism by which sedatives induce neurologic 
deficits in patients with glioma is unclear. Our previous study, 
in which four different agents producing the same level of 
sedation, resulted in very different degrees of neurologic 
impairment. This indicates that the mechanism is not a non-
specific sedative effect. A possible explanation is that the brain 
reorganization that compensates for injured areas are disrupted 
by sedatives through the alteration of regional metabolism, 
synaptic connections, or receptor sensitivity.11,12 It is conceiv-
able that midazolam exerted its effects by influencing regional 
blood flow. Ogawa et al. found that moderate sedation with 
midazolam in healthy volunteers reduced cerebral blood flow 
velocity that was not reversible by flumazenil.13 This suggests 
that the reversible neurologic dysfunction in our study is not 
primarily related to an alternation of cerebral hemodynamics.

Gliomas are more than a simple focal disruption in local 
brain parenchyma and have been shown to result in func-
tional neurocognitive decline associated with remotely 
located brain regions.14,15 Studies using functional magnetic 
resonance imaging have shown that, compared to healthy 
subjects, supratentorial brain gliomas decrease long-distance 
connectivity,16 and alter cross-hemispheric connections,14,17 
which indicates that the functional connectivity alterations 
in these patients is a whole brain phenomenon. A single 
lesion may therefore lead to more than one localized neu-
rologic function deficit, and these more extensive func-
tional changes cannot be explained by a local anatomical 
injury alone, but must also alter the dynamic interconnected 
networks. The increasingly used connectome analysis of 
glioma patients demonstrates both the regional and long-
range connection loss in complex network connectivity.18,19

These findings serve to confirm the notion that purely 
local effects of the tumor may not explain the sedative 
related neurologic deficits unmasked on the uninjured side. 
In our study, the ipsilateral “noneffected” limb performance 
changed after sedation in glioma patients and was 3.7 times 
longer than the dominant hands in the control group. This 
indicates neurologic function changes despite the tumor 
being unilateral with no imaging evidence of metasta-
ses. The technique of imaging connectomics currently 
describes a number of possible adaptive and maladaptive 
processes associated with brain injury.18 The most likely of 
those mechanism in our study is diaschisis,20 a term coined 
by Von Monakow,21 which means a lesion site in the brain 
that results in functional impairments in undamaged distant 
regions.18 This is a maladaptive brain network response to 
the damage. Such maladaptive processes have been reported 
in patients with intracranial tumors.22–24 Instead of being 
confined to a single area, the pathologic perturbations from 
the tumor influence brain across many regions, illustrat-
ing complex neural architecture and interconnections. In 
our study, the phenomenon of diaschisis was hidden in our 
patients because of adaptive compensation processes, but it 
was unmasked by midazolam sedation and then hidden again 
after sedation reversal. The unmasked/induced “covert” 
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diaschisis may help to locate interconnections, predict the 
consequences of lesion growth, and explain the emergence 
deficits from GABAergic sedation in circumstances of awake 
craniotomy and recovery from anesthesia and intensive care 
unit sedation, and guide the clinical sedatives used in patients 
with gliomas in other circumstances. Such pharmacologic 
intervention may also help with translational studies investi-
gating the mechanism of functional connectivity.

Patients with high-grade gliomas performed much 
worse than those with low-grade gliomas. This is consistent 
with our previous findings and indicates that the aggres-
sive lesion is more sensitive to sedation, perhaps reflecting 
the fact that the more aggressive tumor is more destructive 
and results in less compensation across regions. Our study 
was not designed to address this finding, and a paradigm 
that includes the combined examination of gliomas patients 
with structural, functional imaging, and topology will be 
more valuable to explore the mechanism of the interaction 
between sedatives, brain tumor grade, and function.

limitations

The age in the two groups was not balanced in that the 
control group was younger (in the glioma group: 46 [9] yr 
old, in the control group 35 [7] yr old). This was a conse-
quence of our primary concern for inclusion to the con-
trol group of patients with “healthy” brains. Primary brain 
tumors are mostly diagnosed between 55 and 74 yr of age, 
according to the Central Brain Tumor Registry of the 
United States Statistical Report in 2015,25 indicating that 
the age of patients in the glioma group was consistent with 
the real-world prevalence. However, age matched controls 
may be a better choice.

The population in our study was confined to patients with 
supratentorial gliomas in the frontotemporal–parietal area. 
Patients who have had stroke or intracranial vascular disease 
may also have similar functional compensation and diaschisis. 
We cannot, however, extend our conclusion to other types 
of intracranial injury. We did not evaluate patients’ anxiety, 
depression, or reticular activating system functions, such as 
sleep–awake cycles, which may possibly be cofactors impair-
ing the performance. Three patients were on antiepileptic 
medication that could possibly interact with benzodiaze-
pines, but such a small number precludes statistical analysis.

Handedness was found to be a confounding factor when 
comparing affected hands in glioma patients and controls. 
All the patients in this study were right-handed. The right 
hand, as expected, performed faster than the left hand in 
the control group at baseline, but this phenomenon was 
less obvious in glioma patients whose limbs were affected 
by tumor. Although the statistical analysis confirmed that 
hand dominance in this study does not interact with the 
primary outcome in the glioma group, the limited number 
of dominant or nondominant hands in both contralateral 
and ipsilateral groups limits the analysis for the contribution 
of hand dominance. Interestingly, perhaps due to learning 

effect, both hands in the control group performed faster 
than at baseline after flumazenil and the left hand was 
even faster than right. However, the difference of about 1 s 
between the two hands does not have clinical significance.

Although we found that midazolam-induced neuro-
logic deficits were transient and reversible, we are unable to 
extrapolate whether the same reversibility applies after gen-
eral anesthesia or prolonged postoperative midazolam seda-
tion, because postoperative neurologic function is affected 
by the surgical intervention, the length of using GABAergic 
agents, and interaction among anesthetic  and/or  sedative 
agents. In addition, we do not know whether flumazenil 
improves motor deficits in patients who have not received 
midazolam, and whether simply waiting for recovery from 
midazolam would result in a different recovery profile. 
However, given our findings, it may be prudent to avoid or 
limit midazolam use in patients with gliomas, especially high 
grade, and if used, to consider a judicious use of flumazenil 
when there are unanticipated neurologic findings. In these 
patients dexmedetomidine may be a better choice.26

Conclusions

In summary, this interventional nonrandomized trial found 
that in patients with supratentorial gliomas in eloquent 
areas of the brain, the upper limb motor coordination that 
was comparable with normal subjects at baseline became 
severely worse after mild sedation with midazolam, and the 
functional deficits could be reversed by the specific antago-
nist flumazenil. Midazolam-induced motor incoordination 
in the ipsilateral upper limbs was also unmasked suggesting 
diaschisis, with interruption in functional connectivities to 
remote undamaged areas. It emphasizes that “normal-ap-
pearing” brain areas are not necessarily functionally normal 
and that in some circumstances, such as midazolam admin-
istration, the abnormal connectivity is exposed. Future 
study is needed to explore the mechanism of interactions 
between specific pharmacologic interventions and func-
tional adaption and maladaptation in patients with brain 
tumors.
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Airs and Affairs: Adulteration and Adultery around Dr. 
Oliver Walcott Hall

After earning his D.D.S. in 1879 from the Pennsylvania College of Dental Surgery, Oliver Walcott Hall made 
anesthesia history on Boston’s Tremont Street as an early advocate of “Vitalized Air” (above), which, in this 
case, was nitrous oxide adulterated with alcohol and chloroform. After his wife had passed away, a stunned Dr. 
Hall stumbled across evidence of adultery and made legal history by filing an “alienation of affection” case 
against his late wife’s lover. (Copyright © the American Society of Anesthesiologists’ Wood Library-Museum 
of Anesthesiology.)
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