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Abstract

Background

Guidelines have recommended monitoring mean arterial pressure (MAP) and systolic arte-
rial pressure (SAP) in cardiac arrest patients, but there has been relatively little regard for
diastolic arterial pressure (DAP) and heart rate (HR). We aimed to determine the prognostic
significance of hemodynamic parameters at all time points during targeted temperature
management (TTM).

Methods

We reviewed the SAP, DAP, MAP, and HR data in out-of-hospital cardiac arrest (OHCA)
survivors from the prospective multicenter registry of 22 teaching hospitals. This study
included 1371 patients who underwent TTM among 10,258 cardiac arrest patients. The
hemodynamic parameters were recorded every 6 hours from the return of spontaneous cir-
culation (ROSC) to 4 days. The risks of those according to time points during TTM were
compared.

Results

Of the included patients, 943 (68.8%) had poor neurological outcomes. The predictive ability
of DAP surpassed that of SAP and MAP at all time points, and among the hemodynamic var-
iables HR/DAP was the best predictor of the poor outcome. The risks in patients with DAP <
55 to 70 mmHg and HR > 70 to 100 beats/min were steeply increased for 2 days after
ROSC and correlated with the poor outcome at all time points. Bradycardia showed lower
risks only at 6 hours to 24 hours after ROSC.

Conclusion

Hemodynamic parameters should be intensively monitored especially for 2 days after
ROSC because cardiac arrest patients may be vulnerable to hemodynamic instability during
TTM. Monitoring HR/DAP can help access the risks in cardiac arrest patients.
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Introduction

Hemodynamic monitoring is essential in cardiac arrest patients and hemodynamic parameters
such as systolic arterial pressure (SAP) and mean arterial pressure (MAP) have been primarily
used for hemodynamic monitoring as recommended in the most recent guidelines for cardiac
arrest patients [1]. Furthermore, most studies on hypotension episodes in cardiac arrest
patients have been studied with MAP or SAP for neuroprognostication [2]. However, two
studies demonstrated that DAP in the early phase of admission can be superior to SAP or
MAP for neuroprognostication in cardiac arrest patients [3, 4]. Unfortunately, the evidence of
these studies remains weak because they were not multi-center large-scale studies and had
small populations. Moreover, the authors only investigated the hemodynamic data within 6
hours.

Diastolic arterial pressure (DAP) is being proposed as a promising prognostic tool in addi-
tion to SAP or MAP. DAP may be as available as SAP to assess the prognosis or risks in septic
shock that can be mixed with hypovolemic, cardiogenic, and distributive shock [5, 6]. Another
study revealed that DAP is superior to SAP in evaluating the prognosis of cardiogenic shock
[7]. The role of DAP for risk assessment in cardiac arrest patients requires new consideration
as hypotension during cardiac arrest can result from a number of different mechanisms.

Additionally, HR is another hemodynamic variable that could serve as a risk factor in car-
diac arrest patients [8]. Hypotension is compensated for by increased sympathetic activity dur-
ing hemorrhagic shock and acute critical illness [9, 10], and eventually HR increases in
accordance with increased sympathetic activity. As a reflection of this compensatory mecha-
nism, the shock index (HR/SAP), modified shock index (HR/MAP), and diastolic shock index
(HR/DAP) have been used to predict prognosis in various diseases [5, 11]; however, the dia-
stolic shock index has never been compared with other hemodynamic parameters in cardiac
arrest patients. Also, the significance of DAPs during an entire time window of targeted tem-
perature management (TTM) has never been debated.

The primary aim of this study was to explore the neuroprognostic significance of certain
hemodynamic variables such as HR and DAP in comparison with SAP and MAP and their
respective shock indices in survivors of out-of-hospital cardiac arrest (OHCA) during the
post- return of spontaneous circulation (ROSC) phase.

Materials and methods
Study design and setting

This prospectively conducted multicenter observational cohort study was based on the Korean
Hypothermia Network prospective registry (KORHN-PRO). The KORHN is a multicenter
clinical research consortium for TTM in South Korea. Among 32 hospitals, 22 teaching hospi-
tals throughout South Korea participated in this study and collected data from OHCA patients
treated with TTM in advanced critical care settings. This study was approved by the institu-
tional review boards of all participating hospitals and registered at the International Clinical
Trials Registry Platform (NCT02827422). The Dong-A University Hospital Institutional
Review Board (IRB) approved the study under entry code DAUHIRB-16-079. Written
informed consent was obtained from all patients’ legal surrogates. The data were regularly
monitored and reviewed by three clinical research associates, the investigator, and the clinical
research coordinator of each site, with feedback from the investigator of the corresponding
site. The 22 centers used a standardized TTM protocol across all sites, however, administration
of vasoactive drugs and fluids and rewarming time were managed in accordance with institu-
tional practices.
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Study population

Among 10,258 cardiac arrest patients enrolled between October 2015 and December 2018, 1371
comatose survival patients were included. The inclusion criteria were as follows: patients over 18
years old, patients treated with mild therapeutic hypothermia after OHCA, and patients with an
unconscious mental status (Glasgow Coma Scale < 8) after ROSC. Patients were excluded from
the study who had rearrest events or death within 24 hours on admission (because TTM setting
may be changed and missing data were increased), acute stroke (because TTM for 7 days was per-
formed), a do not resuscitate (DNR) order, a prearrest cerebral performance category (CPC) score
of 3 or 4, disease that would make survival at 6 months unlikely, a body temperature of <30°C on
admission, and patients whose caregiver did not sign the written informed consent form.

Data collection

Blood pressure and heart rate were investigated every 6 hours for 4 days after ROSC via an
arterial line or a noninvasive blood pressure cuff. SAP and DAP were examined and MAP was
calculated from SAP and DAP. The time duration, maintenance dose, and total dose of vaso-
pressors and inotropes including norepinephrine, vasopressin, dopamine, epinephrine, and
dobutamine were recorded. The data on SAP, DAP, MAP, HR, and vasoactive agents were
gathered from nurses’ records and chart reviews.

To consider the various confounding factors that are related to poor neurological outcome,
basal demographic, resuscitation, and post-resuscitation variables were obtained from the pro-
spective registry. Furthermore, various therapeutic procedures, such as percutaneous coronary
intervention, renal replacement therapy, extracorporeal membrane oxygenator, and external
cardiopulmonary resuscitation (E-CPR) that can influence neuroprognostication were addi-
tionally reviewed. The primary outcome was CPC scores, which were investigated by progress
notes in each hospital or direct phone call to transferred hospitals or caregivers after 6 months;
a CPC of 3 to 5 was considered a poor neurological outcome. Other risk scores for neuroprog-
nostication, such as the Four score and cardiovascular sequential organ failure assessment
(SOFA) score, were extracted and compared with the hemodynamic variables.

Hemodynamic variables

All the hemodynamic variables, including SAP, DAP, MAP, and HR, were compared for neu-
roprognostication in fixed time points (6 hour interval for 4 days), and the best combination
was extrapolated from the relationship. We scrutinized the changes in blood pressure and HR
according to time point. The hemodaynamic variables were measured for 4 days after ROSC,
but cases who died one day after admission were regarded as missing hemodynamic variable
data and the missing data were excluded in the analysis.

Statistical analysis

Descriptive statistics included percentages to summarize categorical variables and medians
and interquartile ranges to summarize continuous variables. Inferential statistics included
Fisher’s exact test to compare categorical variables and the Mann-Whitney U test to compare
continuous variables. The risks associated with the level of DAP were assessed as odds ratios
(ORs) according to time points using cubic spline models with 95% confidence intervals.
Moreover, the accuracies of DAP and HR for neuroprognostication were compared over time.
After the multivariable logistic regression analysis allowed for significant covariates, the
adjusted OR regarding HR/DAP was analyzed. The discriminative ability of the hemodynamic
variables for neuroprognostication was evaluated using receiver operating characteristic
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(ROC) curves with the corresponding area under the curve (AUC) and related sensitivity,
specificity, and positive and negative predictive value.

Results
Participation and basal characteristics

Of 1371 patients assessed for eligibility, 943 patients (68.8%) had poor neurological outcomes
while 428 patients (31.2%) had good neurologic outcomes and 794 patients (57.9%) died while
577 patients (42.1%) survived. Multivariable analysis was performed to test the multiplicative
interaction in the association between the hemodynamic variables and a number of variables,
such as basal demographic, resuscitation, and post-resuscitation variables. Significant variables
included age, male sex, witnessed arrest, bystander CPR, low flow time, no flow time, prehospi-
tal ECG rhythm, causes of cardiac arrest, prearrest CPC, pupil reflex, GCS motor function, Four
score, cardiovascular SOFA score, fluid balance, lactate, creatinine, and total dose of vasoactive
agents (Table 1). The group with poor outcomes undoubtedly had poor neurologic examina-
tions, more use of vasopressors, and more fluid administration. With allowance made for the
statistically significant covariates, namely, age, sex, witnessed arrest, low flow time, shockable
rhythm, pupil reflex, GCS motor, and lactate level, the risk of HR/DAP regarding poor outcome
was superior to the cardiovascular SOFA score (adjusted OR 1.7 vs 1.279, Table 2).

Hemodynamic parameters

Blood pressures and HRs at all time points for 4 days after ROSC were measured, and the pre-
dictive powers of these parameters are compared in Table 3. The predictive ability of DAP sur-
passed that of SAP and MAP at all time points, and neither SAP nor MAP were greater
predictors than DAP (Table 3). The AUC and cut-off value of DAP at 0, 6, 12, 18, 24, 30, 36,
42, and 48 hours after ROSC were as follows: 0.632 and 71 mmHg; 0.598 and 65; 0.567 and 73;
0.557 and 56; 0.564 and 67; 0.573 and 65; 0.59 and 60; 0.585 and 62; and 0.585 and 62, respec-
tively, and those of HR at 0, 6, 12, 18, 24, 30, 36, 42, and 48 hours after ROSC were as follows:
0.544 and 111 beats/min; 0.605 and 100; 0.662 and 73; 0.684 and 79; 0.656 and 72; 0.639 and
75; 0.65 and 83; 0.62 and 103; and 0.582 and 95, respectively. Compared with SAP, DAP,
MAP, and HR, HR/DAP among all combinations of hemodynamic variables was the best pre-
dictor of neuroprognostication at all time points.

Interestingly, the accuracies of DAP for neuroprognostication during TTM revealed an
inverse U-shape, increasing and then decreasing, while those of HR showed a U-shape,
decreasing and then increasing (Fig 1). DAP had lower prediction power of neurological out-
come than HR for 2 days. Additionally, DAP < 55 to 70 mmHg for 2 days was associated with
increased risks of poor neurologic outcome, but the risks of hypotension episodes were steeply
increased up to 48 hours after ROSC and then gradually decreased 72 hours after ROSC (Fig
2). The risks of hypertension episodes were slightly exhibited over 72 hours after ROSC. Mean-
while, HR > 72-103 beats/min (cut-off) within 2 days after ROSC led to poor neurological
outcomes, and the risk of HR > 70 to 100 beats/min was gradually restored after increasing for
2 days. Bradycardia or HR < 60 beats/min showed lower risks 6 hours to 24 hours after ROSC
and higher risks at ROSC and more than 48 hours after ROSC (Fig 2). Bradycardia between 24
and 48 hours after ROSC had no effect on risk.

Discussion

The predictive ability of DAP for risk assessment was superior to that of SAP or MAP in car-
diac arrest patients and HR/DAP or diastolic shock index among all hemodynamic variables
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Table 1. Baseline characteristics.

All patients (n = 1371) Good outcome (n = 428) Poor outcome (n = 943) p value®
Age, years 62 (51-74) 58 (48-66) 65 (53-77) <0.001
Male, n (%) 975 (71.1) 333 (77.8) 642 (68.1) <0.001
BMI, kg/m2 23.3(20.9-25.7) 23.3(21.3-25.6) 23.4 (20.8-25.7) 0.823
Witnessed arrest, n (%) 949 (70) 361 (84.5) 588 (63.3) <0.001
Bystander CPR, n (%) 843 (62.4) 292 (69.2) 551 (59.3) 0.001
Time from arrest to CPR start, minutes 1(0-7) 1(0-5) 1(0-8) 0.005
Time from CPR start to ROSC, minutes 15 (9-22.75) 15 (9-22.8) 31 (20-42) <0.001
Time from ROSC to TTM start, hours 3.4 (2.2-4.9) 3.6 (2.5-5) 3.3 (2-4.8) 0.002
Prehospital ECG rhythm <0.001
Asystole, n (%) 445 (37) 23 (6.1) 422 (51)
PEA, n (%) 269 (22.3) 54 (14.3) 215 (26)
Pulseless VT, n (%) 15 (1.2) 11 (2.9) 4(0.5)
VF, n (%) 448 (37.2) 272 (72.1) 176 (21.3)
ROSC, n (%) 27 (2.2) 17 (4.5) 10 (1.2)
Previous history
Cardiovascular disease®, n (%) 285 (20.8) 99 (34.7) 186 (19.7) 0.152
Neurologic disease®, n (%) 138 (10.1) 27 (6.3) 111 (11.8) 0.002
Pulmonary disease, n (%) 106 (7.7) 13 (3) 93 (9.9) <0.001
Malignancy, n (%) 80 (5.8) 23 (5.4) 57 (6) 0.465
Psychologic disease, n (%) 51(3.7) 5(1.2) 46 (4.9) <0.001
Causes of cardiac arrest <0.001
Medical, n (%) 851 (62.1) 479 (50.8) 372 (86.9)
Trauma, n (%) 28 (2) 2(0.5) 26 (2.8)
Submersion, n (%) 19 (1.4) 4(0.9) 2(0.2)
Electrocution, n (%) 6(0.4) 3(0.5) 3(0.4)
Drug overdose, n (%) 16 (1.2) 5(1.2) 11(1.2)
Asphyxia, n (%) 78 (5.7) 6(1.4) 72 (7.6)
Hanging, n (%) 160 (11.7) 12 (2.8) 148 (15.7)
Others, n (%) 213 (15.5) 23 (5.4) 190 (20.1)
Pre-arrest CPC 1(1-1) 1(1-1) 1(1-1) <0.001
Pupil reflex, n (%) 643 (47.3) 346 (81) 297 (31.8) <0.001
GCS motor, score 1(1-1) 1(1-3) 1(1-1) <0.001
Four score’ 0 (0-3) 4(0-7) 0(0-1) <0.001
Cardiovascular SOFA® at day 1 4(2-4) 3(0-4) 4 (3-4) <0.001
Total dose of dopamine, pg 5605 (1650-21600) 2630 (1200-6060) 7800 (1882-22903) <0.001
Total dose of norepinephrine, pg 108 (30-360) 46 (18-136.2) 150 (38.4-480) <0.001
Total dose of vasopressin, IU 31(7.2-113.4) 47 (16.4-291.2) 30.6 (7.2-108) 0.303
Total dose of epinephrine, pg 67.8 (18.3-270.8) 46.8 (9.9-153) 72 (22.2-294) 0.24
Total dose of dobutamine, pug 3600 (800-15970) 3360 (804-12908) 4200 (800-16709) 0.689
Input/Output at day 1, M1 450 (-354-1725) -114 (-744.8-756.3) 792 (-111-2117.8) <0.001
Initial lactate, mg/dL 9.7 (6.1-12.9) 7.1 (4.3-10.9) 10.6 (7.5-13.6) <0.001
Initial creatinine, mg/dL 1.3 (1.1-1.8) 1.2 (1-1.4) 1.4 (1.1-2.2) <0.001
Target temperature, °C 33 (33-34) 33 (33-34) 33 (33-34) 0.445
Duration of TTM, hours 24 (24-24) 24 (24-24) 24 (24-24) 0.022
PCI, n (%) 206 (41.2) 117 (40.3) 89 (42.4) 0.713
RRT, n (%) 249 (18.3) 31(7.3) 218 (23.3) <0.001
ECMO, n (%) 48 (3.5) 21(4.9) 27 (2.9) 0.08

(Continued)
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Table 1. (Continued)

All patients (n = 1371) Good outcome (n = 428) Poor outcome (n = 943) p value®
ECPR, n (%) 15 (1.1) 2(0.5) 13 (1.4) 0.167

Values are expressed as number (%) or median (interquartile range).

BMI denotes body mass index; CPR, cardiopulmonary resuscitation; ROSC, restoration of spontaneous circulation; TTM, targeted temperature management; PEA,
pulseless electric activity; VT, ventricular tachycardia; PCI, percutaneous coronary intervention; RRT, renal replacement therapy; ECMO, extra-corporeal membrane
oxygenation; ECPR, external cardiopulmonary resuscitation.

* The p value was calculated by means of Fisher’s exact test and the Mann-Whitney U-test.

® Cardiovascular disease included diseases such as cardiac arrest, coronary artery disease, and congestive heart failure.

¢ Neurological disease included diseases such as transient ischemic accident, stroke, and other neurological diseases.

4 The four-scale score consisted of eye response, motor response, brainstem reflexes, and respiration and ranged from 0 to 4.

¢ Scores on the cardiovascular SOFA ranged from 0 to 4 (0, no hypotension; 1, MAP <70 mmHg; 2, dopamine < 5 pg/kg/min or dobutamine; 3, dopamine > 5 ug/kg/
min or epinephrine < 0.1 pg/kg/min or norepinephrine < 0.1 pg/kg/min; 4, dopamine > 15 pg/kg/min or epinephrine > 0.1 ug/kg/min or norepinephrine > 0.1 pg/kg/

min).

https://doi.org/10.1371/journal.pone.0274130.t001

was the best predictor of poor neurological outcomes at all time points. DAP < 55 to 70
mmHg and HR > 70 to 100 beats/min for 2 days after ROSC were correlated with poor neuro-
logical outcomes, HR < 60 beats/min 6 to 24 hours after ROSC showed a better outcome, and
HR < 60 beats/min 48 hours after ROSC revealed a worse outcome.

DAP reflects vascular tone and arterial compliance [12]. This vascular tone or systemic vas-
cular resistance (SVR) in cardiac arrest patients can be affected by post-resuscitation syn-
drome, including cardiac stunning and vasodilation, which may be maintained up to 72 hours
[13]. “Sepsis”-like syndrome, which is also characterized by a systemic ischemic/reperfusion
response, can occur in not only post-resuscitation syndrome or septic shock but also in cardio-
genic shock [14, 15]. Simple hypovolemia might be more connected with SAP than DAP [16],
however, diverse diseases or situations from sepsis, coronary ischemia, arrhythmia, or using
vasopressor agents can combine in most cardiac arrest patients, and low blood pressure results
from a certain combination of hypovolemic, cardiogenic, and distributed shock rather than
pure shock. These multiplicative hemodynamics may influence DAP, reflecting vascular tone
rather than SAP. The fact that the predictive ability of DAP may surpass that of SAP in reflect-
ing hemodynamic status shows the probability that the diastolic shock index may be as avail-
able as the shock index or modified shock index.

The reason that DAP is a crucial factor in the heart and brain in cardiac arrest patients is as
follows. DAP is a major determinant of coronary perfusion pressure, which is essential to

Table 2. Multi-variable analysis to predict poor neurological outcome.

Standardized variables Odds ratio p value 95% CI

Age 1.911 <0.001 1.524-2.396
Male 0.783 0.022 0.635-0.965
Witnessed arrest 0.665 0.001 0.527-0.84
Time from CPR start to ROSC 3.296 <0.001 2.453-4.429
Shockable rhythm 0.403 <0.001 0.331-0.491
Pupil reflex 0.64 <0.001 0.511-0.8
GCS motor 0.673 <0.001 0.551-0.821
Four score 0.589 <0.001 0.47-0.738
Initial lactate 1.37 0.009 1.083-1.733
Cardiovascular SOFA 1.279 0.012 1.057-1.548
HR/DAP 1.7 <0.001 1.319-2.192

https://doi.org/10.1371/journal.pone.0274130.t1002

PLOS ONE | https://doi.org/10.1371/journal.pone.0274130 September 14, 2022 6/13


https://doi.org/10.1371/journal.pone.0274130.t001
https://doi.org/10.1371/journal.pone.0274130.t002
https://doi.org/10.1371/journal.pone.0274130

PLOS ONE

Diastolic shock index in cardiac arrest patients

Table 3. Predictive accuracy of blood pressure and heart rate according to timing.

Outcome Sensitivity Specificity PPV NPV AUC
SAP in ROSC Good 38.6 76.5 78.5 359 0.59
DAP in ROSC Good 56 65.77 78.4 40.2 0.632
MAP in ROSC Good 57.5 61.4 76.8 394 0.617
HR in ROSC Poor 47.2 65.5 75.1 36 0.544
HR/DAP in ROSC Poor 39.1 823 82.9 38 0.636
SAP in 6 hours Good 44.8 70.4 76.5 37.2 0.588
DAP in 6 hours Good 40.3 74.9 77.6 36.9 0.598
MAP in 6 hours Good 46.6 70.9 77.5 38.2 0.601
HR in 6 hours Poor 51.6 72.6 80.1 41.1 0.65
HR/DAP in 6 hours Poor 51.6 72.6 80.1 41.1 0.65
SAP in 12 hours Good 314 78.8 75.3 35.8 0.545
DAP in 12 hours Good 40.3 73.8 76 37.5 0.567
MAP in 12 hours Good 26.7 86.1 79.8 36.3 0.562
HR in 12 hours Poor 71 54.2 76.2 47.5 0.662
HR/DAP in 12 hours Poor 52.9 75.2 81.4 43.7 0.679
SAP in 24 hours Good 19.1 914 81.8 36 0.542
DAP in 24 hours Good 46.1 64.8 72.5 37.4 0.564
MAP in 24 hours Good 32.9 80 76.8 37.2 0.559
HR in 24 hours Poor 65.1 60.7 77 46.2 0.656
HR/DAP in 24 hours Poor 47.1 79.3 82.1 42.8 0.666
SAP in 48 hours Good 32.1 82 76.2 40.3 0.588
DAP in 48 hours Good 54.4 65.7 73.9 44.6 0.628
MAP in 48 hours Good 38.7 78 76 41.5 0.594
HR in 48 hours Poor 49.7 65.6 72.1 42.1 0.582
HR/DAP in 48 hours Poor 54.4 65.7 73.9 44.6 0.628
SAP in 72 hours Good 46.2 68.2 70.6 43.5 0.569
DAP in 72 hours Good 56.1 60 69.8 45.3 0.593
MAP in 72 hours Good 45.4 70.9 72 44 0.587
HR in 72 hours Poor 34.5 76 70.4 41.3 0.538
HR/DAP in 72 hours Poor 52.7 62.5 69.9 44.5 0.591
SAP in 96 hours Good 39.4 69 66.2 42.5 0.54
DAP in 96 hours Good 69.1 45.3 66 48.8 0.576
MAP in 96 hours Good 61.2 50.9 65.7 46 0.566
HR in 96 hours Poor 33.1 74.7 67 41.9 0.526
HR/DAP in 96 hours Poor 47.5 68.4 69.9 45.7 0.581

PPV denotes positive predictive value; NPV, negative predictive value; SAP, systolic arterial pressure; DAP, diastolic arterial pressure; MAP, mean arterial pressure: HR,

heart rate.

https://doi.org/10.1371/journal.pone.0274130.t003

retain adequate myocardial perfusion in the post-resuscitation phase [17]. In addition, a lower
threshold of cerebral autoregulation is often shifted rightward in cardiac arrest patients. An
MAP of 70 mmHg (MAP reflects twice as much DAP as SAP) may still result in brain hypo-
perfusion, even though it is within the normal range [18]. Therefore, maintaining a high nor-
mal DAP may help heart and brain resuscitation.
The predictive ability of DAP within 6 hours in cardiac arrest patients has been proven.

Compared with SAP, MAP, and cardiovascular SOFA, DAP was a powerful predictor of poor
neurological outcomes [3, 4]. In our results, the risk of poor outcome due to low DAP consis-

tently soared for 2 days after ROSC and afterwards subsequently tapered off, but it still
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Fig 1. Accuracy of heart rate and diastolic arterial pressure changes to predict poor outcome according to time
points.

https://doi.org/10.1371/journal.pone.0274130.g001

sustained a certain level of risk. Similar results are reported for septic shock. The ability of
DAP to predict poor outcome in septic shock patients was superior to that of SAP and showed
a similar performance to the SOFA score [5]. Higher DAP was a powerful predictor of in-hos-
pital survival, compared with SAP [6]. Additionally, high DAP 72 hours after ROSC indicated
a slight risk of poor outcome in our study. Chronic adaptation to hypertension might change
the risks, as patients with a history of hypertension in hospital cardiac arrest showed good out-
comes with high MAP, while patients without a history of hypertension showed poor out-
comes with MAP > 115 mmHg [19].

Myocardial stunning can often induce low stroke volume and systolic and diastolic dys-
function, but reduced HR and increased SVR dominate the clinical hemodynamic effects of
TTM [20]. Patients who underwent TTM maintained a lower HR and higher SVR during
TTM than those who did not undergo TTM without a significant difference in MAP or stroke
volume (SV) [21, 22]. Although a low HR may persist during TTM, acute onset tachycardia in
this setting portends a worse outcome. In intensive care unit (ICU) patients, but not cardiac
arrest patients, new onset prolonged sinus tachycardia as a consequence of sympathetic activity
has been associated with increased major cardiovascular events and higher mortality rates
[23]. Similar to ICU patients with tachycardia, but with a lower HR of over 72 to 83 beats/min
due to functional hypothermia downregulation, cardiac arrest patients were related to a poor
outcome, especially 2 days after ROSC. Studies in cardiac arrest patients demonstrated that a
higher HR is connected with a poor outcome [8], and lower HR indicates a good outcome [21,
24, 25]. Cardiac arrest patients treated with TTM with a heart rate <60 beats/min or sinus bra-
dycardia <50 beats/min have shown good outcomes 8 hours after ROSC or at any time during
hypothermia [24, 25]; however, these results were only measured during the early phase of
TTM. Bradycardia at 6 hours to 24 hours showed lower risks of a poor outcome in our data,
but the risks gradually increased over 48 hours after ROSC.

The shock index (HR/SAP) has been associated with clinical outcomes in sepsis, septic
shock, trauma, and cardiovascular disease [11]. Compared with the predictive ability of the
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shock index, that of the modified shock index is a better predictor of clinical outcome in most
diseases other than hypovolemic shock [26, 27]. Even the modified shock index was similar or
slightly superior to the shock index in predicting clinical outcome in trauma patients with
hypovolemia [11, 28, 29]. The DAP or diastolic shock index in diseases with a complex interac-
tion between various shock patterns would better reflect vasodilation than SAP or MAP [5].
Especially in septic shock patients, it has been demonstrated that the diastolic shock index is
more effective in predicting clinical outcomes than the shock index [5]. Additionally, low DAP
and high HR in patients with chronic AR are intimately connected with all causes of death,
and the spline models of DAP and HR in the study correspond to our data [30]. The diastolic
shock index in cardiac arrest has yet to be reported, and our results indicate that the diastolic
shock index in cardiac arrest patients may have a pivotal role for risk assessment.

Limitations

Our study has several limitations. First, despite using the prospective multicenter registry of
most variables, hemodynamic variables were recorded via chart records. This retrospective
nature might be a limitation. Second, the group that did not undergo TTM was not included.
The DAP and HR in cardiac arrest patients who did not undergo TTM that can induce lower
HR and higher SVR can show different hemodynamic features. The pure changes and charac-
teristics in DAP and HR due to cardiac arrest in the beginning must be studied. Third, the
patients who survived 24 hours after ROSC were included in our study, but the hemodynamic
data were omitted in the analysis: 87 patients who died within the first 24 hours and 265
patients who were missed according to time points. There was not much missing data. Finally,
HR/DAP had low accuracy in predicting poor outcomes in cardiac arrest patients. Nonethe-
less, HR/DAP would be available for risk stratification and assessment or as a risk factor to pre-
dict poor neurological outcomes along with other significant variables.

Conclusions

Because TTM induces low HR and high SVR, increased HR and decreased DAP during TTM
can be strongly linked with severe heart and brain damage. HR/DAP as a risk factor for poor
neurological outcome in cardiac arrest patients was superior to SAP, MAP, HR, and cardiovas-
cular SOFA score. DAP < 55 to 70 mmHg and HR > 70 to 100 beats/min for 2 days after
ROSC were correlated with poor neurological outcome. Low DAP and high HR should be
intensively monitored, especially for 2 days after ROSC, because hemodynamic changes at an
early phase were associated with poor neurological outcome. Monitoring HR/DAP can help
physicians guide the risk management of poor neurological outcomes in cardiac arrest
patients.

Acknowledgments

The following investigators participated in the Korean Hypothermia Network. Chair: Kyung
Woon Jeung (Chonnam National University Hospital, E-mail: neoneti@hanmail.net). Princi-
pal investigators of each hospital: Kyu Nam Park (The Catholic University of Korea, Seoul

St. Mary’s Hospital); Minjung Kathy Chae (Ajou University Medical Center); Won Young
Kim (Asan Medical Center); Byung Kook Lee (Chonnam National University Hospital); Dong
Hoon Lee (Chung-Ang University Hospital); Tae Chang Jang (Daegu Catholic University
Medical Center); Jae Hoon Lee (Dong-A University Hospital); Chul Han (Ewha womans uni-
versity Seoul hospital); Yoon Hee Choi (Ewha Womans University Mokdong Hospital); Je
Sung You (Gangnam Severance Hospital); Young Hwan Lee (Hallym University Sacred Heart
Hospital); In Soo Cho (Hanil General Hospital); Su Jin Kim (Korea University Anam

PLOS ONE | https://doi.org/10.1371/journal.pone.0274130 September 14, 2022 10/13


https://doi.org/10.1371/journal.pone.0274130

PLOS ONE

Diastolic shock index in cardiac arrest patients

Hospital); Jong-Seok Lee (Kyung Hee University Medical Center); Yong Hwan Kim (Samsung
Changwon Hospital); Min Seob Sim (Samsung Medical Center); Jonghwan Shin (Seoul Metro-
politan Government Seoul National University Boramae Medical Center); Yoo Seok Park
(Severance Hospital); Hyung Jun Moon (Soonchunhyang University Hospital Cheonan); Won
Jung Jeong (The Catholic University of Korea, St. Vincent’s Hospital); Joo Suk Oh (The Catho-
lic University of Korea, Uijeongbu St. Mary’s Hospital); Seung Pill Choi (The Catholic Univer-
sity of Korea, Yeouido St. Mary’s Hospital); Kyoung-Chul Cha (Wonju Severance Christian
Hospital).

Author Contributions
Conceptualization: Jae Hoon Lee.

Data curation: Chul Han, Jae Hoon Lee.

Formal analysis: Chul Han, Jae Hoon Lee.
Investigation: Chul Han, Jae Hoon Lee.
Methodology: Jae Hoon Lee.

Project administration: Chul Han, Jae Hoon Lee.
Software: Jae Hoon Lee.

Supervision: Jae Hoon Lee.

Validation: Chul Han, Jae Hoon Lee.
Visualization: Chul Han, Jae Hoon Lee.

Writing - original draft: Chul Han, Jae Hoon Lee.

Writing - review & editing: Chul Han, Jae Hoon Lee.

References

1. Panchal AR, Bartos JA, Cabafias JG, Donnino MW, Drennan IR, Hirsch KG, et al. Part 3: Adult Basic
and Advanced Life Support: 2020 American Heart Association Guidelines for Cardiopulmonary Resus-
citation and Emergency Cardiovascular Care. Circulation. 2020; 142: S366—s468. https://doi.org/10.
1161/CIR.0000000000000916 PMID: 33081529.

2. Beylin ME, Perman SM, Abella BS, Leary M, Shofer FS, Grossestreuer AV, et al. Higher mean arterial
pressure with or without vasoactive agents is associated with increased survival and better neurological
outcomes in comatose survivors of cardiac arrest. Intensive Care Med. 2013; 39: 1981-1988. https://
doi.org/10.1007/s00134-013-3075-9 PMID: 23995983.

3. AnnoniF, Dell’Anna AM, Franchi F, Creteur J, Scolletta S, Vincent JL, et al. The impact of diastolic
blood pressure values on the neurological outcome of cardiac arrest patients. Resuscitation. 2018;
130: 167-73. https://doi.org/10.1016/j.resuscitation.2018.07.017 PMID: 30031784.

4. Thorgeirsson G, Thorgeirsson G, Sigvaldason H, Witteman J. Risk factors for out-of-hospital cardiac
arrest: the Reykjavik Study. European heart journal. 2005; 26: 1499-505. https://doi.org/10.1093/
eurheartj/ehi179 PMID: 15784633.

5. Ospina-Tascon GA, Teboul JL, Hernandez G, Alvarez |, Sdnchez-Ortiz Al, Calder6n-Tapia LE, et al.
Diastolic shock index and clinical outcomes in patients with septic shock. Annals of intensive care.
2020; 10: 41. https://doi.org/10.1186/s13613-020-00658-8 PMID: 32296976.

6. Benchekroune S, Karpati PC, Berton C, Nathan C, Mateo J, Chaara M, et al. Diastolic arterial blood
pressure: a reliable early predictor of survival in human septic shock. The Journal of trauma. 2008; 64:
1188-1195. https://doi.org/10.1097/TA.0b013e31811f3a45 PMID: 18469640.

7. Rigamonti F, Graf G, Merlani P, Bendjelid K. The short-term prognosis of cardiogenic shock can be
determined using hemodynamic variables: a retrospective cohort study*. Crit Care Med. 2013; 41:
2484-2491. https://doi.org/10.1097/CCM.0b013e3182982ac3 PMID: 23939355.

PLOS ONE | https://doi.org/10.1371/journal.pone.0274130 September 14, 2022 11/13


https://doi.org/10.1161/CIR.0000000000000916
https://doi.org/10.1161/CIR.0000000000000916
http://www.ncbi.nlm.nih.gov/pubmed/33081529
https://doi.org/10.1007/s00134-013-3075-9
https://doi.org/10.1007/s00134-013-3075-9
http://www.ncbi.nlm.nih.gov/pubmed/23995983
https://doi.org/10.1016/j.resuscitation.2018.07.017
http://www.ncbi.nlm.nih.gov/pubmed/30031784
https://doi.org/10.1093/eurheartj/ehi179
https://doi.org/10.1093/eurheartj/ehi179
http://www.ncbi.nlm.nih.gov/pubmed/15784633
https://doi.org/10.1186/s13613-020-00658-8
http://www.ncbi.nlm.nih.gov/pubmed/32296976
https://doi.org/10.1097/TA.0b013e31811f3a45
http://www.ncbi.nlm.nih.gov/pubmed/18469640
https://doi.org/10.1097/CCM.0b013e3182982ac3
http://www.ncbi.nlm.nih.gov/pubmed/23939355
https://doi.org/10.1371/journal.pone.0274130

PLOS ONE

Diastolic shock index in cardiac arrest patients

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

Huang CH, Tsai MS, Ong HN, Chen W, Wang CH, Chang WT, et al. Association of hemodynamic vari-
ables with in-hospital mortality and favorable neurological outcomes in post-cardiac arrest care with tar-
geted temperature management. Resuscitation. 2017; 120: 146—152. https://doi.org/10.1016/].
resuscitation.2017.07.009 PMID: 28709953.

King RW, Plewa MC, Buderer NM, Knotts FB. Shock index as a marker for significant injury in trauma
patients. Academic emergency medicine: official journal of the Society for Academic Emergency Medi-
cine. 1996; 3: 1041-1045. https://doi.org/10.1111/j.1553-2712.1996.tb03351.x PMID: 8922013.

Rady MY, Nightingale P, Little RA, Edwards JD. Shock index: a re-evaluation in acute circulatory failure.
Resuscitation. 1992; 23: 227-234. https://doi.org/10.1016/0300-9572(92)90006-x PMID: 1321482.

Koch E, Lovett S, Nghiem T, Riggs RA, Rech MA. Shock index in the emergency department: utility and
limitations. Open access emergency medicine: OAEM. 2019; 11: 179-199. https://doi.org/10.2147/
OAEM.S178358 PMID: 31616192.

O’Rourke MF. Steady and pulsatile energy losses in the systemic circulation under normal conditions
and in simulated arterial disease. Cardiovascular research. 1967; 1: 313-326. https://doi.org/10.1093/
cvr/1.4.313 PMID: 6066335.

Laurent I, Monchi M, Chiche JD, Joly LM, Spaulding C, Bourgeois B, et al. Reversible myocardial dys-
function in survivors of out-of-hospital cardiac arrest. Journal of the American College of Cardiology.
2002; 40:2110-2116. https://doi.org/10.1016/s0735-1097(02)02594-9 PMID: 12505221.

Nolan JP, Neumar RW, Adrie C, Aibiki M, Berg RA, Bottiger BW, et al. Post-cardiac arrest syndrome:
epidemiology, pathophysiology, treatment, and prognostication. A Scientific Statement from the Inter-
national Liaison Committee on Resuscitation; the American Heart Association Emergency Cardiovas-
cular Care Committee; the Council on Cardiovascular Surgery and Anesthesia; the Council on
Cardiopulmonary, Perioperative, and Critical Care; the Council on Clinical Cardiology; the Council on
Stroke. Resuscitation. 2008; 79: 350-379. https://doi.org/10.1016/j.resuscitation.2008.09.017 PMID:
18963350.

Kohsaka S, Menon V, lwata K, Lowe A, Sleeper LA, Hochman JS. Microbiological profile of septic com-
plication in patients with cardiogenic shock following acute myocardial infarction (from the SHOCK
study). The American journal of cardiology. 2007; 99: 802—-804. https://doi.org/10.1016/j.amjcard.2006.
10.040 PMID: 17350369.

Stern SA, Dronen SC, Birrer P, Wang X. Effect of blood pressure on hemorrhage volume and survival in
a near-fatal hemorrhage model incorporating a vascular injury. Annals of emergency medicine. 1993;
22: 155-163. https://doi.org/10.1016/s0196-0644(05)80195-7 PMID: 8427424.

Morgan RW, French B, Kilbaugh TJ, Naim MY, Wolfe H, Bratinov G, et al. A quantitative comparison of
physiologic indicators of cardiopulmonary resuscitation quality: Diastolic blood pressure versus end-
tidal carbon dioxide. Resuscitation. 2016; 104: 6—11. https://doi.org/10.1016/j.resuscitation.2016.04.
004 PMID: 27107688.

Sundgreen C, Larsen FS, Herzog TM, Knudsen GM, Boesgaard S, Aldershvile J. Autoregulation of
cerebral blood flow in patients resuscitated from cardiac arrest. Stroke. 2001; 32: 128—132. https://doi.
org/10.1161/01.str.32.1.128 PMID: 11136927.

Wang CH, Huang CH, Chang WT, Tsai MS, Yu PH, Wang AY, et al. Optimal blood pressure for favor-
able neurological outcome in adult patients following in-hospital cardiac arrest. International journal of
cardiology. 2015; 195: 66—72. https://doi.org/10.1016/j.ijcard.2015.05.131 PMID: 26025859.

Jentzer JC, Chonde MD, Dezfulian C. Myocardial Dysfunction and Shock after Cardiac Arrest. BioMed
research international. 2015; 2015: 314796. https://doi.org/10.1155/2015/314796 PMID: 26421284.

Oksanen T, Tiainen M, Vaahersalo J, Bendel S, Varpula T, Skrifvars M, et al. Lower heart rate is associ-
ated with good one-year outcome in post-resuscitation patients. Resuscitation. 2018; 128: 112—-118.
https://doi.org/10.1016/j.resuscitation.2018.05.001 PMID: 29733922.

Bernard SA, Gray TW, Buist MD, Jones BM, Silvester W, Gutteridge G, et al. Treatment of comatose
survivors of out-of-hospital cardiac arrest with induced hypothermia. The New England journal of medi-
cine. 2002; 346: 557-563. https://doi.org/10.1056/NEJM0a003289 PMID: 11856794.

Park S, Kim DG, Suh GY, Park WJ, Jang SH, Hwang Y], et al. Significance of new-onset prolonged
sinus tachycardia in a medical intensive care unit: a prospective observational study. Journal of critical
care. 2011; 26: 534.e1—.e8. https://doi.org/10.1016/j.jcrc.2011.01.001 PMID: 21376521.

Steer-Jensen H, Sunde K, Olasveengen TM, Jacobsen D, Draegni T, Nakstad ER, et al. Bradycardia
during therapeutic hypothermia is associated with good neurologic outcome in comatose survivors of
out-of-hospital cardiac arrest. Crit Care Med. 2014; 42: 2401-2408. https://doi.org/10.1097/CCM.
0000000000000515 PMID: 25072762.

Thomsen JH, Hassager C, Bro-Jeppesen J, Sgholm H, Nielsen N, Wanscher M, et al. Sinus bradycar-
dia during hypothermia in comatose survivors of out-of-hospital cardiac arrest—a new early marker of

PLOS ONE | https://doi.org/10.1371/journal.pone.0274130 September 14, 2022 12/13


https://doi.org/10.1016/j.resuscitation.2017.07.009
https://doi.org/10.1016/j.resuscitation.2017.07.009
http://www.ncbi.nlm.nih.gov/pubmed/28709953
https://doi.org/10.1111/j.1553-2712.1996.tb03351.x
http://www.ncbi.nlm.nih.gov/pubmed/8922013
https://doi.org/10.1016/0300-9572%2892%2990006-x
http://www.ncbi.nlm.nih.gov/pubmed/1321482
https://doi.org/10.2147/OAEM.S178358
https://doi.org/10.2147/OAEM.S178358
http://www.ncbi.nlm.nih.gov/pubmed/31616192
https://doi.org/10.1093/cvr/1.4.313
https://doi.org/10.1093/cvr/1.4.313
http://www.ncbi.nlm.nih.gov/pubmed/6066335
https://doi.org/10.1016/s0735-1097%2802%2902594-9
http://www.ncbi.nlm.nih.gov/pubmed/12505221
https://doi.org/10.1016/j.resuscitation.2008.09.017
http://www.ncbi.nlm.nih.gov/pubmed/18963350
https://doi.org/10.1016/j.amjcard.2006.10.040
https://doi.org/10.1016/j.amjcard.2006.10.040
http://www.ncbi.nlm.nih.gov/pubmed/17350369
https://doi.org/10.1016/s0196-0644%2805%2980195-7
http://www.ncbi.nlm.nih.gov/pubmed/8427424
https://doi.org/10.1016/j.resuscitation.2016.04.004
https://doi.org/10.1016/j.resuscitation.2016.04.004
http://www.ncbi.nlm.nih.gov/pubmed/27107688
https://doi.org/10.1161/01.str.32.1.128
https://doi.org/10.1161/01.str.32.1.128
http://www.ncbi.nlm.nih.gov/pubmed/11136927
https://doi.org/10.1016/j.ijcard.2015.05.131
http://www.ncbi.nlm.nih.gov/pubmed/26025859
https://doi.org/10.1155/2015/314796
http://www.ncbi.nlm.nih.gov/pubmed/26421284
https://doi.org/10.1016/j.resuscitation.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29733922
https://doi.org/10.1056/NEJMoa003289
http://www.ncbi.nlm.nih.gov/pubmed/11856794
https://doi.org/10.1016/j.jcrc.2011.01.001
http://www.ncbi.nlm.nih.gov/pubmed/21376521
https://doi.org/10.1097/CCM.0000000000000515
https://doi.org/10.1097/CCM.0000000000000515
http://www.ncbi.nlm.nih.gov/pubmed/25072762
https://doi.org/10.1371/journal.pone.0274130

PLOS ONE

Diastolic shock index in cardiac arrest patients

26.

27.

28.

29.

30.

favorable outcome? Resuscitation. 2015; 89: 36—42. https://doi.org/10.1016/j.resuscitation.2014.12.
031 PMID: 25619443.

Althunayyan SM, Alsofayan YM, Khan AA. Shock index and modified shock index as triage screening
tools for sepsis. Journal of infection and public health. 2019; 12: 822—-826. https://doi.org/10.1016/j.jiph.
2019.05.002 PMID: 31113741.

Zhou J, Shan PR, Xie QL, Zhou XD, Cai MX, Xu TC, et al. Age shock index and age-modified shock
index are strong predictors of outcomes in ST-segment elevation myocardial infarction patients under-
going emergency percutaneous coronary intervention. Coronary artery disease. 2019; 30: 398—405.
https://doi.org/10.1097/MCA.0000000000000759 PMID: 31206405.

Wang IJ, Bae BK, Park SW, Cho YM, Lee DS, Min MK, et al. Pre-hospital modified shock index for pre-
diction of massive transfusion and mortality in trauma patients. Am J Emerg Med. 2020; 38: 187—190.
https://doi.org/10.1016/j.ajem.2019.01.056 PMID: 30738590.

Singh A, Ali S, Agarwal A, Srivastava RN. Correlation of shock index and modified shock index with the
outcome of adult trauma patients: a prospective study of 9860 patients. North American journal of medi-
cal sciences. 2014; 6: 450-452. https://doi.org/10.4103/1947-2714.141632 PMID: 25317389.

Yang LT, Pellikka PA, Enriquez-Sarano M, Scott CG, Padang R, Mankad SV, et al. Diastolic Blood
Pressure and Heart Rate Are Independently Associated With Mortality in Chronic Aortic Regurgitation.
Journal of the American College of Cardiology. 2020; 75: 29-39. https://doi.org/10.1016/j.jacc.2019.10.
047 PMID: 31918832.

PLOS ONE | https://doi.org/10.1371/journal.pone.0274130 September 14, 2022 13/13


https://doi.org/10.1016/j.resuscitation.2014.12.031
https://doi.org/10.1016/j.resuscitation.2014.12.031
http://www.ncbi.nlm.nih.gov/pubmed/25619443
https://doi.org/10.1016/j.jiph.2019.05.002
https://doi.org/10.1016/j.jiph.2019.05.002
http://www.ncbi.nlm.nih.gov/pubmed/31113741
https://doi.org/10.1097/MCA.0000000000000759
http://www.ncbi.nlm.nih.gov/pubmed/31206405
https://doi.org/10.1016/j.ajem.2019.01.056
http://www.ncbi.nlm.nih.gov/pubmed/30738590
https://doi.org/10.4103/1947-2714.141632
http://www.ncbi.nlm.nih.gov/pubmed/25317389
https://doi.org/10.1016/j.jacc.2019.10.047
https://doi.org/10.1016/j.jacc.2019.10.047
http://www.ncbi.nlm.nih.gov/pubmed/31918832
https://doi.org/10.1371/journal.pone.0274130

