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the avoidance of deep sedation in ICU patients, and health-
care professionals in the ICU are required to evaluate the 
sedation levels of patients accurately and to optimize these 
levels [1].

Currently, the sedation levels in ICU patients are assessed 
by an observer’s subjective impression, such as by means of 
the Richmond Agitation‒Sedation Scale (RASS) [5–7]. The 
RASS is a 10-stage scoring system with the lowest possible 
score of − 5 (unarousable) and the highest possible score 
of + 4 (combative). The target sedation level for most ICU 
patients is between RASS − 2 and 0 for stable patients [1]. 
However, routine assessment with a sedation-level scale 
can be laborious, and intermittent evaluation using the scale 
makes it difficult to obtain continuous information on seda-
tion levels in patients [8–10] (Table 1).

Procedure

1 Introduction

Sedatives and analgesics are commonly administered to 
critically ill patients who require mechanical ventilation in 
an intensive care unit (ICU) [1, 2]. However, insufficient 
sedation and/or analgesia increases patient stress, whereas 
inappropriate deep sedation is related to worse clinical out-
comes, such as prolonged mechanical ventilatory manage-
ment and ICU stay [1–4]. Clinical guidelines recommend 
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score ≥ − 2) sedation from deep sedation (RASS score ≤ − 3) was 54 (95% CI: 50–65; area under the curve, 0.92 [95% CI: 
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the PSI and the RASS, which is recommended by clinical 
guidelines for sedation assessment in the ICU.

Therefore, the present study investigated the reliability of 
using the PSI in the ICU by examining the potential correla-
tion between the PSI and RASS and evaluated the useful-
ness of the PSI as an indicator of the sedation level in the 
ICU.

2 Materials and methods

2.1 Study design

This single-center, single-blind, prospective, observational 
study was conducted in an ICU of the Tokyo Women’s 
Medical University Hospital (Tokyo, Japan). The study was 
registered in the University Hospital Medical Information 
Network (UMIN000035199, December 10, 2018) after 
approval from the Tokyo Women’s Medical University Eth-
ics Committee (Approval No. 4994, November 23, 2018).

2.2 Study setting

The study was conducted in an 18-bed medical/surgical ICU 
of a university hospital with a 1,235-bed capacity. Intensive 
care is provided by a multidisciplinary team of attending 
physicians from the departments of internal medicine or 
surgery, full-time intensive care physicians, nurses, phar-
macists, physical therapists, clinical engineers, and dieti-
cians. The targeted sedation level and general management 
of the patient, including mechanical ventilatory manage-
ment, weaning, spontaneous breathing trials, and extubation 
plans, are discussed and determined in team meetings.

2.3 Study population

This study targeted patients aged ≥ 20 years who were 
admitted to the ICU and were predicted to require mechani-
cal ventilation with tracheal intubation for ≥ 12 h. Written 
informed consent was obtained from all patients or their 
legal representatives. The exclusion criteria were as fol-
lows: (1) previous neurosurgery; (2) diagnosis of acute cere-
bral hemorrhage/cerebral infarction, or a history thereof; (3) 
previous cardiopulmonary resuscitation; (4) impaired con-
sciousness (defined as < 14 points on the Glasgow Coma 
Scale even before administration of a sedative); (5) hepatic 
encephalopathy; (6) drug toxicity; (7) patients who would 
find medical care provided in Japanese difficult, (8) require-
ment for continuous administration of muscle relaxants in 
the ICU; (9) patients deemed highly likely to die within 
24 h of ICU admission; (10) patients for whom the sensor 
could not be attached properly to the forehead due to skin 

1. Observe patient. Is patient alert and calm (score 0)? 
Does patient have behavior that is consistent with rest-
lessness or agitation (score + 1 to + 4 using the criteria 
listed above, under Description)?

2. If patient is not alert, in a loud speaking voice, state 
the patient’s name and direct the patient to open eyes 
and look at the speaker. Repeat once if necessary. Can 
prompt patient to continue looking at the speaker. 
Patient opens eyes and makes eye contact, which is sus-
tained for more than 10 s (score − 1). Patient opens eyes 
and makes eye contact, but this is not sustained for 10 s 
(score − 2). Patient has any movement in response to a 
voice, but makes no eye contact (score − 3).

3. If patient does not respond to voice, physically stimu-
late the patient by shaking the shoulder and then rub-
bing the sternum if there is no response to shaking the 
shoulder. Patient has any movement to physical stimu-
lation (score − 4). Patient has no response to voice or 
physical stimulation (score − 5).

The Patient State Index (PSI) is a tool for continuous and 
objective monitoring of the depth of sedation in the operat-
ing room and is considered to be reliable for assessing the 
sedation level during general anesthesia [11–19]. The PSI 
analyzes the electroencephalogram (EEG), obtained with a 
sensor attached to the forehead [11, 12]. A PSI value closer 
to 0 indicates deep sedation, whereas values closer to 100 
indicate wakefulness [11]. However, there have been only 
a few reports on the use of the PSI for monitoring sedation 
levels in ventilated patients in the ICU, and the assessment 
of the PSI in the ICU is not consistent [11, 20–22]. Fur-
thermore, no studies have examined the correlation between 

Table 1 Richmond Agitation‒Sedation Scale (RASS)
Score Term Description
+ 4 Combative Overtly combative or violent; immediate 

danger to staff
+ 3 Very 

agitation
Pulls on or removes tube(s) or catheter(s) 
or demonstrates aggressive behavior toward 
staff

+ 2 Agitated Frequent non-purposeful movement or 
patient–ventilator dyssynchrony

+ 1 Restless Anxious or apprehensive but movements 
not aggressive or vigorous

0 Alert and 
calm

−1 Drowsy Not fully alert, but has sustained (more than 
10 s) awakening, with eye contact, to voice

−2 Light 
sedation

Briefly (less than 10 s) awakens with eye 
contact to voice

−3 Moderate 
sedation

Any movement (but no eye contact) to 
voice

−4 Deep 
sedation

No response to voice, but any movement to 
physical stimulation

−5 Unarousable No response to voice or physical stimulation
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evaluation was collected from the data automatically stored 
inside the equipment.

In postoperative patients, PSI measurements were started 
6 h after ICU admission and confirmed that the train-of-four 
(TOF) ratio on the muscle relaxant monitor TOF-Watch 
SX® (Organon, Ireland) had recovered to ≥ 0.9 in order to 
exclude the influence of general anesthesia. Similarly, in 
patients who were intubated using muscle relaxants in the 
ICU, measurements were started after confirming that the 
effect of the muscle relaxant had waned.

2.6 Statistical analyses

Quantitative and qualitative data are expressed as mean 
values with standard deviation (SD) or median values 
with interquartile range, and as numbers or percentages, 
respectively.

We used the Shapiro‒Wilk normality test to investigate if 
the numerical values for PSI followed a normal distribution. 
We used Spearman’s rank correlation coefficient (< 0.40 
weak correlation, 0.40–0.69 moderate, > 0.70 strong), with 
1000 bootstrap replicates, to examine if PSI scores cor-
related with RASS scores, and the Kruskal‒Wallis test to 
investigate if there were statistically significant differences 
in PSI among the RASS categories. For the correlation 
between PSI and RASS, we added post hoc subgroup analy-
ses of younger and elderly patients (patients ≤ 65 years old 
vs. patients > 65 years old).

Furthermore, we used pairwise comparisons using the 
Wilcoxon rank sum test, with Benjamini‒Hochberg correc-
tion, to estimate the categories of RASS that showed sig-
nificant differences in PSI values. Additionally, we fitted a 
linear mixed-effects model fit by REML, with RASS as a 
fixed effect and Patient ID as a random effect, to investigate 
the potential significant association of PSI with RASS, con-
sidering each patient’s records.

We used analysis of variance (ANOVA) tables for mod-
els to calculate the Wald chi-square and the significance 
(P-value) of the dependent PSI factor, with RASS as a fixed 
effect predictor in the model.

We defined RASS scores of ≤ − 3 (− 3, − 4, −5) as deep 
sedation and RASS scores of ≥ − 2 as light sedation. We then 
used these two new categories of RASS and constructed and 
plotted a receiver-operating characteristic (ROC) curve and 
estimated the optimal cut-off point of the PSI for distin-
guishing light from deep sedation.

The significance level was set at P < 0.05. For all statis-
tical analyses, we used R version 3.6.3 (R Foundation for 
Statistical Computing, Vienna, Austria).

infections; and (11) patients whose informed consent could 
not be obtained.

2.4 Sedation protocol

The RASS evaluations were conducted every 2 h during 
routine clinical practice by adequately trained nurses [7]. 
The target sedation level during mechanical ventilation was 
determined by the attending physicians, intensive care phy-
sicians, and nurses according to the patient’s condition, and 
the physicians adjusted the dose of analgesics and sedatives 
to achieve this target level. Propofol (0–3 mg/kg/h), dex-
medetomidine (0–0.7 mcg/kg/h), midazolam (0–0.18 mg/
kg/h), and/or fentanyl (0–2 mcg/kg/h) were administered in 
various combinations.

2.5 Monitoring and data collection

To measure and record the PSI, we used the brain-function-
monitoring module SedLine® v2010 (Masimo, Irvine, CA, 
USA) and the patient monitoring platform Root® (Masimo). 
The SedLine® sensor was attached to the forehead and 
the electrode impedance checked, and the monitor screen 
was covered entirely to ensure blinding of both nurses and 
physicians.

The PSI was measured continuously until extubation 
or for up to 24 h after the start of measurement, which-
ever came first. The nurses in charge evaluated the RASS 
every 2 h according to the institutional protocol. RASS 
evaluation was performed 10 min after treatments involving 
stimulation, such as postural change, when oral or tracheal 
suctioning were performed, or when the dose of sedatives 
was changed. The PSI value immediately before RASS 

Fig. 1 Flowchart of patient enrollment. (CPA indicates car-
diopulmonary arrest; GCS, Glasgow Coma Scale; ICU, 
intensive care unit; MV, mechanical ventilation)
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sample size for the linear mixed effect model was 99.63%. 
The summarized values of PSI among the RASS categories 
are presented in Table 3.

The Shapiro‒Wilk normality test showed that the PSI 
(W = 0.88, P < 2.2e-16) data did not follow a normal distribu-
tion. Therefore, we used only non-parametric tests. Spear-
man’s rank correlation showed a strong correlation between 
the PSI and RASS scores (ρ = 0.79, 95% confidence intervals 
[CI]: 0.75–0.83) (Fig. 2). Also in subgroup analyses, Spear-
man’s rank correlation showed strong correlation between 
the PSI and RASS scores in both group, patients ≤ 65 years 
old (n = 20, ρ = 0.84, 95% CI: 0.79–0.89) and patients > 65 
years old (n = 30, ρ = 0.78, 95% CI: 0.74–0.82). The Krus-
kal‒Wallis test showed that the PSI values differed statisti-
cally significantly (Kruskal‒Wallis chi-square = 242, df = 6, 
P < 2.2e-16) among the RASS categories (Fig. 2).

3 Results

Of the 218 patients admitted to the ICU between Decem-
ber 10, 2018, and February 9, 2019, 168 patients were 
excluded because they were younger than 20 years of age, 
admitted without mechanical ventilation, expected to be 
extubated within 12 h after ICU admission, had undergone 
open-head surgery, had a history of cerebral hemorrhage/
cerebral infarction, or did not meet the inclusion criteria. 
Consequently, 50 consecutive patients were enrolled in the 
study (Fig. 1).

The patient characteristics are shown in Table 2. The age 
range was 31–80 years and most of the patients were admit-
ted to the ICU postoperatively. Propofol, dexmedetomidine, 
and fentanyl were administered as the sedative in most 
patients, and midazolam was used in a few patients.

A total of 382 sets of PSI and RASS data were obtained 
from 50 patients. The Power (post hoc analysis) of this 

Table 2 Patient Characteristics
Age (year: mean ± SD) 65.7 ± 10.3
Male sex (n [%]) 35 (70.0)
Height (cm: mean ± SD) 164.2 ± 9.3
Weight (kg: mean ± SD) 62.4 ± 13.0
Body mass index (mean ± SD) 23.0 ± 4.0
APACHE II score (mean ± SD) 15.3 ± 6.0
History of hypertension (n [%]) 25 (50.0)
History of renal dysfunction (eGFR < 50) (n [%]) 18 (36.0)
History of heart failure (n [%]) 20 (40.0)
History of COPD (n [%]) 4 (8.0)
History of diabetes mellitus (n [%]) 17 (34.0)
Malignancy (n [%]) 6 (12.0)
Infection (n [%]) 6 (12.0)
Hypoxemia (PaO2/FIO2 ratio < 200) (n [%]) 12 (24.0)
Renal replacement therapy (n [%]) 11 (22.0)
Vasopressor infusions (n [%]) 46 (92.0)
Type of ICU admission
Surgical (n [%]) 46 (92.0)
Cardiovascular surgery (CPB used) (n [%]) 29 (58.0)
Cardiovascular surgery (CPB not used) (n [%]) 14 (28.0)
Esophageal surgery (n [%]) 3 (6.0)
Elective surgery (n [%]) 40 (80.0)
Emergency surgery (n [%]) 6 (12.0)
Medical (n [%]) 4 (8.0)
Pneumonia (n [%]) 2 (4.0)
Sepsis (n [%]) 2 (4.0)
Use of sedatives
Propofol (n [%]) 48 (96.0)
Fentanyl (n [%]) 48 (96.0)
Dexmedetomidine (n [%]) 46 (92.0)
Midazolam (n [%]) 4 (8.0)
SD, Standard Deviation; APACHE, Acute Physiologic Assessment 
and Chronic Health Evaluation; eGFR, estimated Glemerular Fil-
tration Rate; COPD, Chronic Obstructive Pulmonary Disease; ICU, 
Intensive Care Unit; CPB, Cardiopulmonary Bypass

Table 3 The summarized values of PSI among the RASS categories
RASS n Median Conf. 

level
Percentile.lower Percentile.upper

−5 60 22.5 0.95 22 25
−4 125 32 0.95 30 38
−3 36 44.5 0.95 31 62
−2 43 65 0.95 60 68
−1 48 79.5 0.95 75 85
0 65 88 0.95 87 88
1 5 87 0.95 86 94
PSI, Patient State Index; RASS, Richmond Agitation-Sedation Scale

Fig. 2 Box plot showing distribution of the PSI for each level of RASS. 
(Boxes represent the interquartile range (25th percentile [lower edge] 
and 75th percentile [upper edge]). The median PSI is denoted as the 
line across the box. Spearman’s rank correlation showed a strong cor-
relation between the PSI and RASS scores (ρ = 0.79, 95% confidence 
intervals [CI]: 0.75–0.83). PSI, Patient State Index; RASS, Richmond 
Agitation-Sedation Scale)
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may improve patient prognosis, such as shortening the dura-
tion of mechanical ventilation and of ICU stay. Although 
deep sedation is required in patients who need muscle relax-
ants for acute respiratory distress syndrome, it is difficult to 
assess their sedation state by using a subjective scoring tool, 
such as the RASS, because of the lack of body movement 
and eye opening of these patients. In these patients, inap-
propriately light sedation levels increase patient discom-
fort, while unnecessarily high doses of sedatives can lead to 
adverse events such as hypotension. In these cases, objec-
tive and continuous monitoring of the sedation level using 
the PSI may be helpful and clinicians can use the PSI value 
as an indicator to appropriately adjust the sedatives.

A few small studies evaluated the performance of the 
PSI as an indicator of sedation levels in the ICU. Schnei-
der et al. [11] reported that the PSI correlated well with the 
Ramsay Sedation Scale in patients who required mechanical 
ventilation. Several authors reported that the PSI changed 

Pairwise comparisons using the Wilcoxon rank sum test 
showed that the PSI differed significantly among almost all 
RASS categories; the only RASS categories that did not 
demonstrate a significant difference were between 0 and 1 
(Table 4). An ANOVA showed that, in the first model we 
fitted, PSI was significantly associated with the RASS (Chi-
square = 518; P < 0.001).

The ROC curve of the PSI for distinguishing light 
(RASS ≥ − 2) from deep sedation (RASS − 3, −4, − 5) is pre-
sented in Fig. 3. The area under the ROC curve was equal 
to 0.92 (95% CI: 0.89‒0.95). We calculated that the opti-
mal cut-off point of the PSI for this curve was 54 (95% CI: 
50–65), with a sensitivity = 0.91 (95% CI: 0.86‒0.95) and 
specificity = 0.81 (95% CI: 0.77–0.86) (Fig. 3).

4 Discussion

Two critical aspects were identified in this study, which 
aimed to assess correlations between the PSI and RASS, and 
the clinical utility of the PSI. First, the PSI values measured 
using SedLine® and Root® strongly correlated with RASS 
scores in sedated, mechanically ventilated ICU patients, and 
the PSI values associated with each RASS score differed 
significantly. This suggests that the PSI was an accurate, 
objective, and continuous indicator that may be helpful to 
clinicians in adjusting sedatives and providing appropri-
ate sedation levels. The PSI was useful for evaluating the 
sedation state of patients under general anesthesia, although 
previous research on the PSI in ICU patients on mechanical 
ventilation is scarce [11, 20–22]. The results of this study 
shows that the PSI correlated well with the RASS, and that 
it can be useful for monitoring sedation levels in critically 
ill ICU patients, although ICU patients differ from patients 
under general anesthesia in terms of the presence of body 
movement, muscle contraction, edema, or diaphoresis. This 
has not been reported previously.

Second, the PSI distinguished and detected light and deep 
sedation with high accuracy. Because inappropriate deep 
sedation has also been demonstrated to be related to worse 
clinical outcomes [1–4], our results suggest that the detec-
tion of unnecessarily deep sedation by means of the PSI 

Table 4 Differences of PSI among RASS categories
RASS -5 -4 -3 -2 -1 0
-4 4.9E-07 - - - - -
-3 4.5E-07 0.015 - - - -
-2 4.1E-14 8.5E-11 0.030 - - -
-1 < 2e-16 4.5E-16 3.5E-05 0.0001 - -
0 < 2e-16 < 2e-16 1.7E-11 4.7E-14 4.1E-06 -
1 0.00031 0.00031 0.0023 0.00062 0.023 0.85
Pairwise comparisons using Wilcoxon rank sum test presenting the significant differences of PSI (Patient State Index) among the Richmond 
Agitation-Sedation Scale (RASS) categories except between 0 and 1

Fig. 3 Receiver operating characteristic (ROC) curve for Patient State 
Index (PSI) for detecting deep sedation (RASS − 3, −4, − 5). (The area 
under this ROC curve was equal to 0.92 (95%CI: 0.89‒0.95). The opti-
mal cut-off point of the PSI for this curve was 54 (95%CI: 50–65), 
with a sensitivity = 0.91 (95%CI: 0.86‒0.95) and specificity = 0.81 (CI: 
0.77–0.86))
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previously. Second, the types of sedatives and analgesics 
used were identified in this study. We did not create a seda-
tion and analgesia protocol, but propofol, dexmedetomi-
dine, and fentanyl were administered in most cases. The 
drug usage in this study adhered to the present recommen-
dation for the use of sedatives and analgesics in the ICU set-
ting, thus provided high external validity [1]. Third, RASS 
evaluations were routinely performed once every 2 h, and 
thus, the nurses were adequately trained to obtain an accu-
rate evaluation. Fourth, the nurses who evaluated the RASS 
and physicians who adjusted the dose of analgesics and 
sedatives were both blinded to the PSI values, and the seda-
tion level was adjusted to achieve the target RASS defined 
for each patient. Therefore, clinical data could be obtained 
without bias.

However, this study also had several limitations. First, 
this study was conducted in a single ICU where the majority 
of the patients were postoperative cases and only 8% were 
nonsurgical patients. Second, the Acute Physiology and 
Chronic Health Evaluation II score of patients was lower 
in this study than in previous reports [9, 21]. Differences in 
patient backgrounds highlight the need for further research 
that includes patients with more severe conditions, non-
surgical patients, and post-neurosurgery patients. Third, 
nearly half of the PSI and RASS datasets were obtained 
from patients under deep sedation (RASS scores: −3, − 4, 
and − 5). Most of the deeply sedated patients underwent 
postoperative cardiovascular surgery (86.0%) and required 
deep sedation for postoperative stabilization of hemody-
namics. Fourth, we did not compare PSI utility with that of 
other tools, including the BIS. However, given that the most 
objective indicator of sedation level has not been identified, 
the results of this study may be useful for future compari-
sons of the reliability of various tools.

It remains unclear whether sedation monitoring, includ-
ing BIS and PSI, improves patient prognosis [25]. There-
fore, we plan to conduct a future study to investigate the 
effect of PSI use on patient prognosis, such as on the dose of 
sedatives used, the duration of ventilation and of ICU stay, 
and cost, based on the results of this study. Finally, because 
we focused on PSI in this study, we did not evaluate spectral 
edge frequency (SEF) or suppression ratio (SR) as analyzed 
by SedLine®. Further studies are needed to validate their 
usefulness in ICU.

In conclusion, the PSIs measured by the SedLine® cor-
related well with the sedation levels evaluated using the 
RASS in mechanically ventilated ICU patients and were 
significantly different among the RASS scores. Addition-
ally, the PSI can distinguish between deep and light sedation 
with high sensitivity and specificity, which may be useful to 
avoid inappropriately light sedation or deeper sedation than 

sequentially with changes in sedation level arising from 
auditory or sensory stimulation and ventilator settings, 
and that the sleeping stage and awake state of ICU patients 
could be continuously monitored by means of the PSI [21, 
22]. However, the correlation between the PSI and RASS, 
and the ability of the PSI to detect deep sedation had not 
been investigated in the abovementioned studies.

The PSI calculation was performed using the analysis 
protocol of the brain-function-monitoring module in Sed-
Line®. For PSI measurement, the EEG is monitored with 
a four-channel EEG electrode sensor attached to the fore-
head, bilaterally, and the EEG is analyzed with a proprietary 
algorithm to offer a calculated value between 0 and 100 
that indicates the sedation level [11]. The PSI is calculated 
by combining some factors, including changes in power in 
various EEG frequency bands, changes in symmetry and 
synchronization between key brain areas, inhibition of the 
prefrontal cortex, and quantitative parameters that reflect 
brain electrical activity in many dimensions [12].

EEG monitoring has markedly evolved since the intro-
duction of the bispectral index (BIS) in 1996 [19, 23]. The 
PSI, BIS, Entropy (GE Healthcare, Chicago, IL, USA), 
and NeuroSENSE (NeuroWave Systems, Inc, Cleveland 
Heights, OH, USA) are well-known instruments for analyz-
ing EEG and monitoring sedation level [19]. The correlation 
between the PSI and BIS, as well as the reliability, accuracy, 
and usefulness of the PSI under general anesthesia has been 
shown in several studies [13, 16, 18].

In the ICU, the BIS has been investigated as an objective 
index for evaluating sedation level in many studies [23–25]; 
however, the correlation between the BIS value and seda-
tion level varies across studies [23–25]. As there are many 
factors that interfere with EEG monitoring and reliability, 
including body movement, EMG activity produced by facial 
muscle contraction, artifacts caused by interventions, and 
electrocardiogram artifacts, BIS usage in the ICU has been 
limited [1, 25–27].

However, with advances in the PSI measurement algo-
rithm, the current version of the PSI is less influenced by 
EMG activity [12, 28–30]. The better tolerance of the PSI 
to the increase in EMG activity and artifacts from surgical 
manipulation, as compared with the BIS, has been shown 
in an operating theatre [30]. Despite confirming the disap-
pearance of the effects of muscle relaxants in all patients, 
the correlation between the PSI and RASS was reasonably 
good in the present study. The influence of EMG activity on 
EEG monitoring cannot be completely eliminated, but bet-
ter filtration of EMG activity noise might result in good PSI 
performance for ICU use.

This study had several strengths. First, this study investi-
gated the correlation between the PSI and RASS in sedated, 
critically ill ICU patients, which has not been reported 
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