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Arterial blood pressure correlates with 90-day mortality in 
sepsis patients: a retrospective multicenter derivation and 
validation study using high-frequency continuous data
Naoya Kobayashia, Atsuhiro Nakagawab, Daisuke Kudoc, Tsukasa Ishigakid, 
Haruya Ishizukad, Kohji Saitoe, Yutaka Ejimaf, Toshihiro Wagatsumaa,  
Hiroaki Toyamaa, Tomohiro Kawaguchib, Kuniyasu Niizumab,  
Kokichi Andog, Kenji Kurotakih, Michio Kumagaih, Shigeki Kushimotoc,  
Teiji Tominagab and Masanori Yamauchia        

Objective To identify the outcome of patients with 
sepsis using high-frequency blood pressure data.

Materials and methods This retrospective 
observational study was conducted at a university 
hospital ICU (derivation study) and at two urban hospitals 
(validation study) with data from adult sepsis patients 
who visited the centers during the same period. The area 
under the curve (AUC) of blood pressure falling below 
threshold was calculated. The predictive 90-day mortality 
(primary endpoint) area under threshold (AUT) and critical 
blood pressure were calculated as the maximum area 
under the curve of the receiver operating characteristic 
curve (AUCROC) and the threshold minus average AUT 
(derivation study), respectively. For the validation study, 
the derived 90-day mortality AUCROC (using critical blood 
pressure) was compared with Sequential Organ Failure 
Assessment (SOFA), Simplified Acute Physiology Score 
(SAPS) II, Acute Physiology and Chronic Health Evaluation 
(APACHE) II, and APACHE III.

Results Derivation cohort (N = 137): the drop area from 
the mean blood pressure of 70 mmHg at 24–48 hours 
most accurately predicted 90-day mortality [critical blood 
pressure, 67.8 mmHg; AUCROC, 0.763; 95% confidence 
interval (CI), 0.653–0.890]. Validation cohort (N = 141): 

the 90-day mortality AUCROC (0.776) compared with 
the AUCROC for SOFA (0.711), SAPSII (0.771), APACHE 
II (0.745), and APACHE III (0.710) was not significantly 
different from the critical blood pressure 67.8 mmHg 
(P = 0.420).

Conclusion High-frequency arterial blood pressure data 
of the period and extent of blood pressure depression can 
be useful in predicting the clinical outcomes of patients 
with sepsis. Blood Press Monit 24:225–233 Copyright © 
2019 Wolters Kluwer Health, Inc. All rights reserved.
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Introduction
Sepsis is a common and frequently fatal condition char-
acterized by physiological, biological, and biochemical 
abnormalities caused by the dysregulation of the inflam-
matory response to infection [1–3]. Sepsis continues to 
be the main cause of death for patients admitted to the 
ICU [4,5]. Its mortality rate still remains high worldwide 
[6–8], especially in cases of septic shock [9–11]. Clinical 
assessment of disease severity is an important part of 
medical practice to predict the mortality and morbidity 

in patients with sepsis. Scoring systems related to sepsis 
can be used as a guide for clinicians to assess the outcome 
and the chance of recovery [12]. However, recent meas-
urement of the scoring system becomes complicated 
because of the large number of parameters required to 
improve the predictive ability [13–16]. In addition, some 
studies reported that more than half of ICUs do not use 
severity scores [17,18]. To make the scoring system more 
acceptable, it is necessary to include parameters that can 
be controlled following treatment [19].

In clinical practice, arterial blood pressure (ABP) is one of 
the parameters most likely to be affected by treatment. 
The latest definition of septic shock includes ‘persisting 
hypotension requiring vasopressors to maintain the mean 
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arterial pressure (MAP) at least 65 mmHg’ [9]. However, 
it is possible that the effect of treatment was not taken 
into consideration by the scoring systems, because the 
ABP used was measured at a point in time (such as the 
value at the time of ICU admission and the worst value 
during a 24-hour ICU admission). In other words, other 
data, aside from the data at a given point in time, are 
ignored in the scoring systems. Thus, the frequency and 
duration of low blood pressure may provide a more accu-
rate representation of the patient’s status.

It is necessary to construct an outcome prediction system 
that considers the frequency and duration of low blood 
pressure but that also has the predictive accuracy of con-
ventional scoring systems. Advances in computing now 
allow the continuous collection and storage of high-fre-
quency vital data and the opportunity to study their 
physiological impact with a substantially greater preci-
sion than was previously possible [20]. Our group used 
a system with features that allowed data to be collected 
and stored every 3 s in all patients monitored in the ICU. 
This system automatically collects data for every patient 
with sepsis admitted to our hospital, thereby giving the 
opportunity to study the relationship between high-fre-
quency vital data and the outcome.

In this study, we aimed to study the influence of high-fre-
quency continuous ABP by considering the frequency 
and duration of the low blood pressure on the outcomes 
for patients with sepsis.

Methods
This retrospective observational study was conducted in 
the ICU of Tohoku University Hospital (derivation cohort) 
and in two urban hospitals (validation cohort). All the hos-
pitals are located at the Miyagi prefecture in Japan, with 
a population of approximately 2.3 million people. Ethical 
approval was obtained from the Tohoku University 
Graduate School of Medicine Ethics Committee (refer-
ence number 2017-1-387). The requirement for informed 
consent was waived due to the retrospective nature of the 
study. Patients over 20 years of age who met the clinical 
criteria for sepsis were enrolled in the study on admis-
sion to our ICU from July 2012 through December 2015. 
Sepsis was defined according to the Third International 
Consensus Definitions for Sepsis and Septic Shock [9] 
as follows: a total Sequential Organ Failure Assessment 
(SOFA) score of more than two consequents to the infec-
tion and a baseline SOFA score assumed to be zero in 
patients without known preexisting organ dysfunction. 
Patients with the following criteria were excluded from 
the study: pregnancy, organ transplantation, cardiopul-
monary bypass, extracorporeal membrane oxygenation, 
intraaortic balloon pumping, or decision not to resuscitate.

All study variables were retrieved from the institutional 
computerized electronic medical recording system 
(PrimeGaia or CAP-0500; Nihon Kohden Corporation, 

Tokyo, Japan, and NEWTONS2; Software Service, Inc., 
Osaka, Japan). No identifying information was recorded 
in order to ensure the confidentiality of the patients. 
Routine data recording included demographic and clin-
ical patient characteristics. Hemodynamic parameters 
were recorded for 0–24, 24–48, and 48–72  hours after 
ICU admission. All laboratory results were automatically 
inputted into the system. The drugs and fluids admin-
istered, as well as the clinical events, were manually 
entered into the system at the bedside.

Hemodynamic therapy
Hemodynamic therapy was based on the early-goal 
directed therapy [21–23] in the first 6 hours of admission 
to the ICU. All patients received repeated fluid challenges 
based on their ABP, heart rate, central venous pressure, and 
mixed venous oxygen saturation responses [24]. If the MAP 
remained below 65 mmHg despite the increased fluid vol-
ume, norepinephrine (second-line agent: vasopressin) was 
administered. If the hematocrit was below 30%, a blood 
transfusion was performed. If the central venous saturation 
was below 70%, dobutamine was administered with refer-
ence to the cardiac index value and transthoracic echocar-
diography. After 6 hours, hemodynamic therapy depended 
on the decision of the chief attending physician.

Physiological and organ failure severity scores
Demographic data and preexisting conditions were doc-
umented. The date and time of surgical intervention as 
well as the type of operation were also documented. The 
SOFA score [25], Acute Physiology and Chronic Health 
Evaluation (APACHE) II score [26], and Simplified Acute 
Physiology Score (SAPS) II [27] were calculated from the 
worst clinical parameters during the first 24 hours after 
ICU admission. The hospitalization time at the ICU was 
also recorded.

Vital sign data
The heart rate, arterial oxygen saturation of pulse oxi-
metry (SpO

2
), systolic blood pressure (sBP), MAP, and 

diastolic blood pressure (dBP) were recorded every 3  s 
from 0–24, 24–48, and 48–72 hours after ICU admission 
in Tohoku University Hospital (derivation cohort), and 
every minute in other hospitals (validation cohort).

Despite the possibility of artifacts through blood sam-
pling via the arterial line, each variable was introduced 
as raw data into the statistical model without excluding 
artifacts. The arterial pressure was measured through the 
arterial line in the radial artery. Data on vital signs dur-
ing the last 24 hours before cardiac arrest and variables 
recorded after the decision to withdraw life-sustaining 
therapy were excluded.

Laboratory data
The most aberrant standard laboratory parameters, such 
as lactate level [28–33], were retrieved. The hourly urine 
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output and request for renal replacement therapy were 
recorded. Organ failure was defined as greater than or 
equal to two points in the SOFA subscore for the respira-
tory, liver, renal, and coagulation components, and one, 
three, or four points for the cardiovascular component. 
We did not include a score of two for the cardiovascular 
component because it is assigned for the use of vasopres-
sor drugs at low doses.

Clinical events
Events that may have influenced hemodynamic param-
eters, such as the necessity for defibrillation and cardio-
pulmonary resuscitation, were documented. The length 
of ICU stay and death rate were also documented. The 
90-day mortality (primary endpoint) was calculated from 
the ICU records and the hospital database.

Statistical analysis
Data analysis was performed using JMP 13 (SAS Institute 
Inc., Cary, North Carolina, USA). Wilcoxson test and 
Fisher’s exact test were used, as appropriate, to compare 
data between the two groups. P values below 0.05 were 
considered statistically significant. Data were reported as 
the mean ± SD unless otherwise indicated. The analysis 
of ABP (such as hypotensive episodes) and its time ele-
ments was based on the modification of the method used 
by Dünser et al. [34]. Although we adopted Dünser et al.’s 
time series-based collation of blood pressure data in rela-
tion to the duration and level of hypotension, we did not 
use 1-minute interval data as they did. Rather, we used 
3-s interval data based on the hypothesis that increasing 
the amount of data can help to either dilute or eliminate 
the noise generated at the time of blood collection and 
patient movement. By comparing this prediction model 
that incorporates data at 3-s intervals with the traditional 
model that uses data at one-minute intervals from other 
facilities, it is possible to make the applicability of our 
model more general.

The analyses were performed with ABP data for 0–24, 24–
48, and 48–72 hours after ICU admission. The threshold 
blood pressure was determined at intervals of 5 mmHg 
for sBP (125–65 mmHg), MAP (105–45 mmHg), and dBP 
(90–30  mmHg). The area under the threshold (AUT) 
and the blood pressure under the threshold (BUT) 
(Supplementary Fig. 1a, Supplemental digital content 
1, http://links.lww.com/BPMJ/A98) were calculated by the 
following time series-based equation/formula:

 AUT TH mm Hg*times= −( ) ( )
=
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where N is the number of records (times), TH is the 
threshold blood pressure (mmHg), M is the measured 
blood pressure (mmHg), and i is the data storage number. 
The BUT that was most predictive of the 90-day mortal-
ity was calculated as the maximum area under the curve 
of the receiver operating characteristic curve (AUCROC). 
Critical blood pressure (CBP) was defined as the thresh-
old blood pressure minus the BUT (Supplementary Fig. 
1b, Supplemental digital content 1, http://links.lww.com/
BPMJ/A98).

CBP TH (mmHg) BUT (mmHg)= -

For validation, a Kaplan–Meier survival curve of over-
all survival was generated, with comparisons between 
groups either over or under the optimum predictor of 
CBP using a log-rank test among the validation cohort. 
Finally, we compared the discriminatory performances of 
SOFA, SAPS II, APACHE II, APACHE III, and the BUT 
in the validation cohort. A statistical test to compare the 
AUCROC in each scoring was applied according to the 
previous report [35].

Results
Patient characteristics
A total of 137 and 141 patients from the derivation and 
validation cohorts, respectively, were enrolled in this 
study (Supplementary Table S1, Supplemental digital 
content 2, http://links.lww.com/BPMJ/A99). The flowchart 
for the selection of patients is shown in Supplementary 
Fig. 2, Supplemental digital content 3, http://links.lww.
com/BPMJ/A100.

Sequential shifts
All data on vital signs for 0–24, 24–48, and 48–72 hours 
in the derivation cohort are shown in Table  1. From 0 
to 24  hours after admission, no significant differences 
were found in vital sign data between the two groups, 
with the exception of SpO

2
. The dBP was significantly 

higher in the survivors than in nonsurvivors for both 24–
48 and 48–72 hours. The sBP and MAP measurements 
for 48–72  hours were significantly higher in survivors, 
but not those for 0–24 and 24–48 hours. The event data 
showed no significant difference between the survivors 
and nonsurvivors.

Mortality predictions and validations
The AUCROC of MAP was relatively higher than that 
for sBP or dBP (Figs.  1–3, and Supplementary Table 
S2, Supplemental digital content 4, http://links.lww.com/
BPMJ/A101). From 0–24  hours of ICU admission, the 

http://links.lww.com/BPMJ/A98
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highest AUCROC was the hourly AUT of 65 mmHg of 
MAP (hAUT, 102.7  mmHg*minutes/hour; AUCROC, 
0.702; P = 0.039).

The difference between the threshold and the drop in 
blood pressure per minute was defined as the CBP.

CBP
= Threshold (mmHg)

-
hourly AUT (mmHg minutes / hour)

60 (minutes
•

))

= 65 (mmHg) -
102.7

60
(mmHg minutes / minute)

= 63.3 (mmHg)

•

The validation cohort was divided into two groups 
according to whether the CBP calculated per drop 
area was either a MAP  <  65  mmHg for 0–24  hours, or 
a MAP > 63.3 mmHg. The 90-day mortality was signifi-
cantly lower in the >63.3 mmHg group (19/116 [15.3%]) 
compared with the <63.3  mmHg group (3/8 [37.5%]) 
(P = 0.028).

Similarly, an hAUT of 70 mmHg of the MAP had the high-
est AUCROC from 24 to 48 hours (hAUT, 130.0 mmH-
g*minutes/hour; AUCROC, 0.763; P = 0.012) with a CBP 
of 67.8 mmHg. In the validation cohort, the CBP greater 
than  67.8  mmHg group (18/115 [15.7%]) had a signif-
icantly lower 90-day mortality than the <67.8  mmHg 
group (4/10 [40.0%]) (P = 0.018). From 48 to 72 hours, an 
hAUT of 65 mmHg of MAP had the highest AUCROC 
(hAUT, 0.4  mmHg*minutes/hour; AUCROC, 0.761; 
P  =  0.013), and the CBP was 65.0  mmHg. In the vali-
dation cohort, the CBP greater than 65.0 mmHg group 
(18/102 [17.7%]) had a significantly lower 90-day mortal-
ity than <65.0 mmHg group (3/6 [50.0%]) (P = 0.046).

Comparison with the scoring systems
Finally, we compared the optimum BUT and the scor-
ing systems in the validation cohort (Table 2). The dis-
criminatory performances of SOFA, SAPS II, APACHE 
II, APACHE III, and the BUT showed similar signifi-
cant differences in the derivation and validation cohorts  
(0–24  hours: MAP, 24–48  hours: sBP, MAP, and  
48–72 hours: MAP) (P = 0.420).

Table 1 Sequential shifts of the derivation cohort

0–24 hours

Nonsurvivors Survivors P value

N 39 96  
Hemodynamic parameters  
 Heart rate (per minute) 101.3 ± 22.8 95.5 ± 16.7 0.156
 SpO

2
 (%) 98.2 ± 2.0 98.9 ± 0.8 0.043*

 sBP (mmHg) 118.0 ± 26.1 117.7 ± 20.0 0.955
 Mean blood pressure (mmHg) 78.1 ± 14.2 78.5 ± 11.8 0.883
 dBP (mmHg) 59.6 ± 10.6 60.0 ± 9.7 0.867
 Respiratory rate (per minute) 23.2 ± 6.0 23.0 ± 6.2 0.924
 Body temperature (˚C) 37.2 ± 0.7 37.3 ± 0.7 0.644
Balance
 Infusion (mL) 3915 ± 1542 3603 ± 1562 0.291
 Urine output (mL) 1176 ± 794 1420 ± 898 0.133
 Total output (mL) 1853 ± 938 1674 ± 870 0.308
 Balance (mL) 2218 ± 1773 2073 ± 1550 0.669
Vasopressors
 Dobutamine (N) 3(7.7%) 15(15.6%) 0.274
 Dobutamine (mg/day) 159.7 ± 132.3 296.6 ± 176.9 0.206
 Noradrenaline (N) 12(30.8%) 19(19.8%) 0.182
 Noradrenaline (mg/day) 5.8 ± 5.0 8.0 ± 6.8 0.321
 Adrenaline (N) 3(7.7%) 1(1.0%) 0.073
 Adrenaline (mg/day) 4.1 ± 6.6 14.1 0.321
Events
 Defibrillation 1(2.6%) 0(0%) 0.289
 Cardio pulmonary resuscitation 2(5.1%) 0(0%) 0.082
 24–48 hours

Nonsurvivors Survivors P value
N 36 82  
Hemodynamic parameters
 Heart rate (per minute) 95.8 ± 24.8 90.6 ± 15.9 0.255
 SpO

2
 (%) 98.0 ± 2.6 98.8 ± 0.9 0.107

 sBP (mmHg) 124.5 ± 37.1 128.3 ± 20.1 0.572
 Mean blood pressure (mmHg) 79.3 ± 16.6 84.3 ± 11.2 0.112
 dBP (mmHg) 58.6 ± 11.1 63.2 ± 9.0 0.033*
 Respiratory rate (per minute) 23.7 ± 6.7 22.5 ± 5.3 0.349
 Body temperature (˚C) 37.1 ± 0.9 37.2 ± 0.6 0.310
Balance
 Infusion (mL) 5105 ± 2828 4166 ± 1914 0.075
 Urine output (mL) 1152 ± 828 1925 ± 1184 <0.001**
 Total output (mL) 2355 ± 1354 2753 ± 1633 0.172
 Balance (mL) 2960 ± 592 1700 ± 1533 0.012*
Vasopressors
 Dobutamine (n) 3(8.3%) 16(19.5%) 0.176
 Dobutamine (mg/day) 269.0 ± 158.8 248.2 ± 191.3 0.853
 Noradrenaline (n) 14(38.9%) 18(22.0%) 0.073
 Noradrenaline (mg/day) 6.1 ± 9.7 5.4 ± 5.8 0.814
 Adrenaline (n) 2(5.6%) 1(1.2%) 0.220
 Adrenaline (mg/day) 11.0 ± 7.1 13.1 0.814
Events
 Defibrillation 3(8.3%) 1(1.2%) 0.084
 Cardio pulmonary resuscitation 1(2.8%) 0(0%) 0.305
 48–72 hours

Nonsurvivors Survivors P value
N 31 70  
Hemodynamic parameters
 Heart rate (per minute) 96.4 ± 19.0 88.0 ± 16.4 0.038*
 SpO

2
 (%) 98.3 ± 2.5 98.8 ± 0.8 0.290

 sBP (mmHg) 124.0 ± 22.7 134.5 ± 23.6 0.041*
 Mean blood pressure (mmHg) 78.1 ± 11.5 87.6 ± 13.1 <0.001**
 dBP (mmHg) 57.8 ± 8.6 65.4 ± 10.4 <0.001**
 Respiratory rate (per minute) 23.3 ± 7.4 22.9 ± 5.7 0.788
 Body temperature (˚C) 37.3 ± 0.9 37.2 ± 0.6 0.424
Balance
 Infusion (mL) 4362 ± 1842 3514 ± 1386 0.027*
 Urine output (mL) 1361 ± 919 1965 ± 1143 0.008**
 Total output (mL) 2909 ± 1689 3052 ± 1809 0.701
 Balance (mL) 2355 ± 1440 1079 ± 808 <0.001**
Vasopressors
 Dobutamine (n) 2(6.5%) 12(17.1%) 0.216
 Dobutamine (mg/day) 298.7 ± 66.0 242.2 ± 183.2 0.463
 Noradrenaline (n) 10(32.3%) 10(14.3%) 0.056
 Noradrenaline (mg/day) 4.5 ± 7.4 5.2 ± 6.8 0.829
 Adrenaline (n) 2(6.5%) 1(1.4%) 0.222
 Adrenaline (mg/day) 9.7 ± 11.1 8.6 0.829

Table 1 (continue)

0–24 hours

Nonsurvivors Survivors P value

 Defibrillation 0(0%) 0(0%) 1.000
 Cardio pulmonary resuscitation 0(0%) 0(0%) 1.000

Statistical analysis using t test and Fisher’s exact test. Plus-minus values are 
means ± SDs.
dBP, diastolic blood pressure; sBP, systolic blood pressure; S

P
O

2
, arterial oxygen 

saturation of pulse oximetry.
*P < 0.05, **P < 0.01. Mean values were calculated using all data during any 
interval.
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Discussion
The present study evaluated the arterial pressure of sep-
sis patients within the first 72  hours of ICU admission 
and demonstrated that the AUT of MAP <70  mmHg 
from 24 to 48 hours after ICU admission was the most 
accurate predictor of 90-day mortality. The study also 
demonstrated that the discriminatory performance was 
similar to that of the conventional disease severity scores 
when the high-frequency ABP dataset was used.

The validity of area under the threshold
In order to predict mortality, it is better to emphasize the 
trend than the specific vital sign points. However, in con-
ventional studies on mortality prediction, the analysis is 
often based on specific vital signs, and the frequency, as 
well as the duration of abnormal values, was not consid-
ered [9,21]. If the outcome prediction can reflect the fre-
quency and duration of abnormal values, an improvement 

Fig. 1

ROC curve from the derivation cohort and the survival curve from the external validation cohort (0–24 hours from ICU admission). The x-axis and the 
y-axis represent 1 minus sensitivity and specificity in the ROC curve, respectively. The accuracy of the test depends on how well the test separates 
the group being tested into those of survivors and nonsurvivors. Accuracy is measured by the AUC of ROC: area of 1 represents a perfect test and 
area of 0.5 represents an inconclusive test. The validation cohort was divided into two groups (whether under or over the critical blood pressure 
which was calculated as ‘Threshold – Hourly area under the threshold/60’). The x-axis shows the days after admission while the y-axis shows the 
survival proportion (1 as 100% survival) at each time interval. The solid and dotted lines represent the values greater and less than the critical blood 
pressure, respectively. Described values were selected from the full data (Supplementary material) to describe the optimum predictors: the thresh-
old was not equal to the critical blood pressure, the P value of derivation data was below 0.05, and the P value of the log-rank test in the validation 
cohort was the lowest while the AUCROC was highest. AUC, area under the curve; ROC, receiver operating characteristic. *P < 0.05.

Table 2 Performance characteristics of the prognostic models 
studied in the validation cohort

AUCROC (95% CI)

Severity scores
  SOFA score 0.680 (0.572–0.771)
  SAPS II 0.771 (0.677–0.845)
  APACHE II score 0.745 (0.653–0.820)
  APACHE III score 0.710 (0.606–0.796)
Hourly area under the threshold
  0–24 hours, MAP, CBP: 63.3 mmHg 0.711 (0.556–0.789)
  24–48 hours, sBP, CBP: 105.7 mmHg 0.709 (0.617–0.802)
  24–48 hours, MAP, CBP: 67.8 mmHg 0.776 (0.653–0.890)
  48–72 hours, MAP, CBP: 65.0 mmHg 0.724 (0.605–0.795)

Performance characteristics of the prognostic models of 90-day mortality in the 
validation cohort.
P value among all scores and hourly area under the threshold was 0.420. 
APACHE, Acute Physiology and Chronic Health Evaluation; AUC, area under the 
receiver operating characteristic curve; CBP, critical blood pressure; CI, confi-
dence interval; MAP, mean arterial pressure; ROC, receiver operating character-
istic; SAPS: Simplified Acute Physiology Score; SOFA, Sequential Organ Failure 
Assessment; sBP, systolic blood pressure.
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in the prediction performance or a decrease in the number 
of parameters can be expected because the finding can 
reflect more information in a blood pressure parameter.

It has been reported that the trend in abnormal blood 
pressure may be useful for mortality prediction. Dünser 
et al. [34] reported that a MAP of <60 mmHg more than 
once in 24 hours was a risk factor of mortality. Churpek 
et al. [36] considered that the slope and change from pre-
vious vital signs values increased the accuracy of models 
designed to provide early warning scores. In addition to 
their consideration, we determined the frequency and 
duration of abnormal vital signs data. It was possible to 
determine the frequency and duration of abnormal val-
ues at the same time by calculating the AUC from the 
comprehensive set of blood pressure using a modifi-
cation of the method by Dünser et al. [34] (Fig.  4 and 
Supplementary material). Moreover, because the total 
numbers of records were very large, the high-frequency 
data recorded once every 3  s decreased the noise rela-
tively. In this method, the AUT of MAP from 24 to 
48 hours after ICU admission most accurately predicted 
the 90-day mortality. Many interventions, such as volume 
resuscitation and regulation of vasopressor and blood 

pressure, may not reflect the pathological condition 
0–24 hours immediately after entering the ICU. For these 
reasons, AUT during 24–48 hours most likely became a 
powerful predictor of 90-day mortality in sepsis patients.

The clinical utility of area under threshold of blood 
pressure
The most recent international guideline for sepsis man-
agement (SSCG 2016) recommended an initial target 
MAP of 65  mmHg in patients with septic shock who 
required vasopressors [37]. However, it is unclear to what 
extent this should be below 65 mmHg in MAP and how 
long this should continue. Inadequate blood pressure 
causes insufficient tissue perfusion, which is linearly 
dependent on arterial pressure. Because the reduction in 
tissue perfusion has a serious effect on the general condi-
tion of the patient, prolongation of a low blood pressure 
status could worsen the outcome.

In this study, the AUT of MAP predicted the 90-day mor-
tality and the discriminatory performance was acceptable 
and similar to that of conventional disease severity scores. 
There are two advantages of AUT and MAP compared 
with the severity scores. First, the AUT can only be 

Fig. 2

Receiver operating characteristic curve from the derivation cohort and the survival curve from the external validation cohort (24–48 hours from ICU 
admission). *P < 0.05, **P < 0.01.
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Fig. 3

Receiver operating characteristic curve from the derivation cohort and the survival curve from the external validation cohort (48–72 hours from ICU 
admission). *P < 0.05.

Fig. 4

Example of area under the threshold (mean arterial pressure during 24–48 hours, threshold of 70 mmHg). (a) Arrival case. When a patient’s 
hAUT is less than 130.0 mmHg*minutes/hour. (b) Dead case. When a patient’s hAUT is greater than 130.0 mmHg*minutes/hour. As shown in the 
Supplementary material, when the threshold of the mean arterial pressure was 70 mmHg, AUCROC was maximized at 130.0 mmHg*minutes/hour 
of hAUT for 24–48 hours of ICU admission. Also, the critical blood pressure was 67.8 mmHg. If the hAUT was less than 130.0 mmHg*minutes/
hour [situation (a)], the area indicated by the vertical line (patient’s hAUT) was smaller than 130 mmHg*minutes/hour. Therefore, the hAUT of the 
mean arterial pressure of 130.0 mmHg*minutes/hour could predict 90-day mortality. BP, blood pressure; hAUT, hourly area under the threshold; 
MAP, mean arterial pressure; NPV, negative predictive value; PPV, positive predictive value.
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calculated by continuous ABP. On the other hand, the 
severity scores require multiple examinations such as 
blood chemistry, vital signs, and the state of conscious-
ness. Second, the AUT can indicate the acceptable time 
according to the degree of low blood pressure. Because 
the AUT reflects the reduction in tissue perfusion and 
its duration, it may be able to more accurately predict the 
mortality than the blood pressure, at a specific point only.

The SSCG recommended that when a better under-
standing of any patient’s condition is obtained, the target 
blood pressure should be individualized pertaining to the 
circumstances of such a patient. The AUT is consistent 
with this recommendation and may be used, not only 
for outcome prediction, but also as an indicator of blood 
pressure management and for early warning application. 
We observed the AUT of ABP; in the future, a system 
that can analyze the cumulative abnormal scores will pro-
vide a better outcome prediction in septic patients more 
accurately and conveniently. Moreover, if the automated 
analysis system can be used in critically ill patients, there 
is a possibility that the outcome prediction can be per-
formed more easily than the conventional scoring system 
consisting of multiple data.

Limitations
In order to perform this prediction accurately, the blood 
pressure should be measured for at least 24–72 hours, in 
order to ensure that the survival prediction is not made 
immediately upon admission. To make an earlier and 
easier outcome prediction following ICU admission, it is 
necessary to search for more suitable variables. Although 
we mentioned that using high-frequency blood pressure 
data reduces the noise, we did not consider the frequency 
and type of noise that may affect the results. Thus, fur-
ther research may be needed on how to improve the 
noise removal reduction in order to improve earlier stage 
accuracy in predicting mortality.

Also, the denoted time periods begin with the onset of 
ICU monitoring and not from the onset of sepsis, which 
is clinically relevant. Moreover, we do not have a record of 
the time at which the blood pressure augmentation was 
initiated, nor the patient’s baseline blood pressure meas-
urements. The blood pressure before septicemic infec-
tion in the patients was not considered. Furthermore, 
there may be individual differences in blood pressure 
influencing mortality.

In addition, we did not compare the sBP, MAP, and 
dBP directly, because of the issue of multicollinearity 
between these parameters. Because the MAP clearly has 
a strong association with the sBP, we could not directly 
compare these values. Furthermore, the study results 
may have a bias arising due to the physician’s discre-
tion; due to the retrospective nature of the study, this 
bias could not be eliminated. Although there are several 
methods to analyze the blood pressure level, we used 

the AUT. Future studies must use advanced methods, 
such as time average, to calculate the rate of change in 
blood pressure levels.

Moreover, there was a significant difference in the 90-day 
mortality between the over and under of the CBP groups. 
However, the number in the validation cohort was small. 
For this reason, whether the CBP obtained by the deri-
vation cohort can predict the outcome for all the patients 
entering the ICU with high accuracy has not been suffi-
ciently studied. Although the CBP was a predictor of the 
90-day mortality, it remains unclear whether its targeting 
was effective because the patients consistently received 
intervention. A prospective study randomizing patients 
to different MAP targets will be an important next step 
in these cases.

Conclusion
In the present study, we combined the blood pressure 
with time parameters to study its impact on the 90-day 
mortality of patients with sepsis. The AUT of the MAP 
<70  mmHg 24–48  hours after ICU admission precisely 
predicted the 90-day mortality, and the discriminatory 
performance was similar to that of several disease sever-
ity scores. The CBP was 67.8 mmHg in our study. Taken 
together, our results suggest that applying a combination 
of blood pressure and time parameters to sepsis treat-
ment is crucial to detect the most suitable blood pressure 
target for patients. While this may help predict the clin-
ical outcomes of patients with sepsis, it can also suggest 
ways of earlier clinical intervention.
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